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Abstract 
This PhD project is a part of Center for Nanostructured Graphene (CNG) activities. The aim of 
the project is to develop a new lithography method for creation of highly ordered 
nanostructures with as small as possible feature and period sizes. The method should be 
applicable for graphene nanostructuring and allow electronic transport studies afterwards. To 
achieve this goal self-assembly properties of block copolymers are exploited. Micro phase 
separation in block copolymers can provide well-defined morphologies with nanometer-size 
features.  A new lithography method utilizing ex-situ fabricated polymer masks is developed. 
Mask fabrication is realized by microtoming of 30-60 nm thin sections from pre-aligned 
polymer monoliths with different morphologies. The resulting polymer masks are then 
transferred to both silicon and graphene substrates. Hexagonally packed hole patterns with 10 
nm hole diameter and 20 nm periodicity are successfully transferred to both substrates. The 
method allowed to realize the first ever transfer of moiré patterns to silicon. Furthermore, in 
collaboration with CNG, device with nanostructured graphene are fabricated and electrical 
measurements made on these devices demonstrated the opening of what could be interpreted as 
a band gap. 
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Dansk Resumѐ 
Ph.D. projektet er del af forskningsaktiviteterne som foregår i Center for Nanostrukturerede 
Graphene (CNG) på DTU. Formålet med projektet er at udvikle en ny litografisk metode 
baseret på selvorganisering af blok copolymerer (BCP), som kan bruges til fabrikationen af 
ordnede nanostrukturer på silicium og endnu vigtigere, på graphene. Kontrolleret 
nanostrukturering forventes at åbne et elektronisk energigab (eller båndgab) i graphene som 
kan muliggøre fabrikationen af graphene-baserede dioder og transistorer. Selvorganiserende 
BCP kan danne veldefinerede strukturer i nanometer-skala. Den nye litografi metode benytter 
sig af polymer masker fremstillet ex-situ ved hjælp af mikrotomering, som er forskellig fra den 
traditionelle metode hvor maskerne bliver fremstillet in-situ, vha. BCP spin-casting direkte på 
substratet. 30-60 nm tynde sektioner, med typiske størrelse på 200 x 300 µm2 bliver 
mikrotemeret ud af makroskopiske nanoporøse polymer prøver med forskellige morfologier. 
De resulterende polymer masker overføres derefter til både silicium og graphene substrater. 
Mønstre af heksagonalt pakket huler med en periode på 20 nm og hul diameter på 10 nm 
overføres til begge substrater vha. reaktiv ion ætsning. Som en sidegevinst kunne vi vha. den 
nye metode opnå den første nogensinde overførsel af moiré mønstre på silicium. Endvidere, 
vha. elektriske målinger lavet i samarbejde med en anden gruppe på CNG, kunne vi demonstrer 
åbningen af et muligt båndgab på ca 20 meV på vores nanostrukturerede graphene. 
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Abbreviations 
AFM atomic force microscopy 
BCC body centered cubic 
BCP block copolymer 
BSE back scattered electrons 
CNG center for nanostructured graphene 
CNP charge neutrality point 
C⊥ cylinders perpendicular to the substrate 
C‖ cylinders parallel to the substrate 
CVD chemical vapor deposition 
D or dis disordered 
DSA directed self-assembly 
DTU Technical University of Denmark 
DUV deep ultraviolet lithography 
EF Fermi energy 
EUV extreme ultraviolet lithography 
f volume fraction of the block 
FET field-effect transistor 
FL full surface-parallel lamellar morphology 
GYR gyroid 
HEMA 2-hydroxyethyl methacrylate  
HEX hexagonally packed structure 
HL half lamellar 
HPL hexagonally perforated lamellar 
HSQ hydrogen silsesquioxane 
HY hybrid 
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ICP inductive coupled plasma 
LAM lamellar 
Mn number-average molecular weight 
Mw weight average molecular mass  
N degree of polymerization 
nPB nanoporous polybutadiene 
ODT order-disorder transition 
OPD optical path difference 
TBAF tetrabutyl ammonium fluoride 
THF tetrahydrofuran 
PB-b-PDMS 1,2-polybutadiene-block-polydimethylsiloxane 
PB-b-PS polybutadiene-block-polystyrene 
PDI polydispersity index 
PDMS polydimethylsiloxane 
PL perforated lamellar 
PMMA poly methyl methacrylate 
PS polystyrene 
PS-b-PDMS poly(styrene)-block-polydimethylsiloxane 
PS-b-PLMA poly(styrene)-block-poly(lauryl methacrylate) 
PS-b-PMMA poly(styrene)-block-poly(methyl methacrylate) 
PS-OH hydroxyl-terminated Polystyrene 
PS-r-PMMA poly(styrene)-random-poly(methyl methacrylate) 
rCP random copolymer 
Rg radius of gyration 
RIE reactive ion etching 
rpm rotations per minute 
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S spherical morphology 
SE secondary electrons 
SEM scanning electron microscopy 
TEM transmission electron microscopy 
Tg glass transition temperature  
TTG trivial transfer graphene 
UV ultra-violet 
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Thesis structure 
The PhD thesis begins with a literature overview and a presentation of basic principles of the 
used experimental methods. A number of different paths were followed in the course of the 
thesis work, as schematically illustrated in fig. 0.1. The experiments start with evaluation 
perspectives of single-lamellae mask preparation by wet etching, shortly described in 
subchapter 3.4. An attempt to reproduce results of conventional block-copolymer lithography 
by following a recipe from the literature is described in the chapter 4. This chapter is concluded 
by demonstration of pattern transfer to silicon.  
The main activity of my PhD study has been the development of a microtome-based method for 
graphene nanostructuring. The concept was proved by pattern transfer to silicon (chapter 5). 
Nanoporous polymer monoliths with different morphologies were tested for mask preparation 
and pattern transfer. This approach appeared to be the most fruitful. Several patterns were 
transferred from the hexagonal morphology. A nanomesh was transferred to silicon from masks 
cut perpendicular to the cylinder axis. Moirè patterns were transferred in the case of two 
superimposed masks. By cutting at 45° to the cylinder axis, masks with elliptical pattern were 
obtained and corresponding slit-like patterns were transferred to silicon. Cutting parallel to the 
cylinder axis gave multilayer mask and transferred line pattern was unclear. Masks were cut off 
a nanoporous gyroid monolith and etching led to formation of HEX pattern overlapping with 
lines or waves. Masks from lamellar monoliths could not be prepared since polymer 
disintegrated during cutting.  
The final chapter 6 is devoted to graphene. The microtome-based method was applied with 
minor changes and highly ordered graphene nanomeshes were successfully obtained. Back 
gated nanopatterned graphene devices were fabricated for transport measurements. An 
approach to create periodic strain superlattice by depositing graphene on a nanopillar array is 
tested (6.3).  A schematic map of the thesis experimental part is drawn in fig. 0.1. Two types of 
precursors were used: bulk monoliths for ex-situ mask preparation and block copolymer 
solutions for traditional lithography. After the fabrication of the mask, an etching recipe is 
chosen and optimized. One recipe with oxygen-containing plasma is used to transfer pattern to 
graphene, while fluorine-containing plasmas are used for pattern transfer to silicon. The 
different types of obtained pattern are collected in the last column of fig. 0.1.  
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Fig. 0.1. Schematics of lithography methods realized in the thesis. Numbers on arrows refer 
to the chapter or subchapter, where the method is described. Colors of the arrows show how 
successful the respective methods: red – failure, yellow – partial success, green – success.  
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1. General introduction
This year "Moore's law", i.e. the observation that the number of transistors in a dense integrated 
circuit doubles every two years, became 50 years old. Silicon electronics is coming close to its 
limits, and building of the new post-silicon microelectronics is required. One of the promising 
materials to use in the post-silicon electronics is graphene. It is atomically thin and has large 
electrical and thermal conductivity, but the absence of a bandgap does not allow for an 
effective switching off of graphene transistors. Transforming graphene into an intrinsic 
semiconductor is important for both scientific studies and industrial fabrication of new devices 
[1]. 
1.1. Graphene and its properties 
In 2010 Nobel Prize was given “for groundbreaking experiments regarding the two-
dimensional material graphene” discovery of graphene and its properties investigation. Firstly 
isolated in 2004 [2], graphene is a single layer of the 3D graphitic crystal, an atomically thin 
2D material, consisting of carbon atoms forming a honeycomb structure (Fig.1.1.1.). The 
covalent bonds between carbon atoms are formed by sp2-hybridised orbitals. 
Fig. 1.1.1. Graphene atomic structure. 
Graphene is very light material with huge surface area of 2630 m2/g [3], the strongest material 
ever measured [4], with exceptional ability to retain its initial size after mechanical strain [5]. 
Its electronic properties include room temperature Hall effect, ballistic transport, high charge 
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carrier mobility 200 000 cm3/v2 [6] and huge sustainable currents (9108 A/cm2). It is the best 
known electrical and thermal conductor [2]. All these exceptional properties made it very 
promising material for the future post-silicon electronics. 
The electronic band structure of graphene was predicted theoretically [7] and confirmed 
experimentally [8]. Energy dispersion relation E(k) for graphene is shown in fig. 1.1.2. Six 
locations in momentum space in the corners of the Brillouin zone are called Dirac points. For 
low energies the dispersion relation is linear, with the conical valence and conduction bands 
meeting in the Dirac point, where the density of states is zero. Material with such electronic 
structure can be referred as zero-gap semiconductor.   
a) b) 
Fig.1.1.2. a) Electronic dispersion with zoom in of the energy bands close to one of the 
Dirac points. [9]. b) Doping shifts the Fermi level away from the Dirac point. 
In graphene, electrons (or holes) transferred to graphene shift the Fermi level (EF) away from 
the Dirac point (fig. 1.1.3 b) and increase its electrical conductivity. In n-doped graphene EF is 
shifted towards the higher energies, while in p-doped it shifts towards the lower energies. This 
property gives rise to unique field-effect characteristics of graphene transistors. The first 
graphene transistor was presented by Manchester group in 2004 [2]. It was a back-gate 
transistor, where a 300-nm SiO2 layer underneath the graphene served as a back-gate dielectric 
and a highly doped silicon substrate acted as the back-gate (Fig. 1.1.3 a).  
Typical conductance vs. gate voltage (transconductance) characteristics of graphene transistors 
has a “V” shape (Fig. 1.1.3b) due to the zero bandgap. Gate voltage between the channel and 
the gate controls the type of charge carrier (electrons or holes) and carrier density. At large 
positive gate voltage electrons will accumulate in the channel, leading to so-called n-type 
channel. At large negative gate voltages, holes will accumulate in the channel (p-type channel) 
and current will flow due to hole conductance. These two modes of electron and hole 
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conductance form two branches of transconductance characteristics with the minimum current 
at the so called charge neutrality point (CNP), where the Fermi energy is at the Dirac point. The 
CNP position can be shifted by graphene doping or any charge presence on interfaces. 
Commonly on–off ratios reported for graphene devices are in the range 2–5 at the room 
temperature, which is too low for most real applications [1]. 
Fig. 1.1.3. Schematic of the back-gate transistor [1] with graphene as the channel and 
typical transfer characteristics [1, 10, 11] for real devices with graphene. 
A high on/off current ratio is necessary for many electronic applications and can be achieved 
by opening of an energy bandgap in graphene. Recent theoretical works [12] predicted that 
fabrication of periodic/ quasiperiodic modulation on graphene will lead to sub-band formation. 
A gap can be opened by selective doping. Selective hydrogen absorption on moiré pattern of 
clean graphene on Ir(111) led to formation of a significant well-defined gap with the top of the 
observed ππ-band 450 meV below the Fermi level [13]. Opening of series of minigaps was 
reported in periodically rippled high quality epitaxial graphene [14].  
Band gap opened in graphene nanoribbon is inversely proportional to its width [15], depends 
on nanoribbon crystallographic orientation  
and edge passivation [16]. In graphene nanomeshes, the energy gap is sensitive to the hole edge 
configuration, lattice orientation and when a strong disorder occurs, energy gap scaling 
inversely to the nanomesh neck width [17]. A true band gap emerges from periodicity-induced 
confinement, but there is also transport gap, that emerges from edge and bulk disorder. 
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Disorder in shape, position and presence of any atomic imperfections and substrate impurities 
affect the electronic transport properties in graphene nanomesh [18]. Transport gap and a true 
band gap are difficult to distinguish experimentally.  
One of the common ways to create graphene nanoribbon arrays and selectively etched meshes 
is block copolymer lithography. This work focuses on development of a method of fabrication 
of the most ordered meshes with small feature sizes, utilizing self-assembling properties of 
block copolymers.  
1.2. Block copolymer morphologies 
Block copolymers (BCP) are polymers that have in their chain two or more regions consisting 
of chemically distinct chain units, called blocks. Depending on the number of blocks, block 
copolymers are called diblocks (2 blocks), triblocks (3 blocks), tetrablocks (4 blocks) and 
multiblocks (5 and more blocks). Star block copolymers are block copolymers where all 
polymer chains are connected to a central core. The current project is focused on diblock 
copolymers and their ability to self-assemble in 5-50 nm periodic structures. At thermodynamic 
conditions of immiscibility between the blocks, chain units of different types repel each other, 
but cannot completely separate into two phases because they are covalently linked. By 
minimisation of the repulsive interaction and maximisation of attractive interaction, block-
copolymers spontaneously pack into regular structures [19]. The process is called microphase 
separation.   
Multiple parameters are utilized for the description of diblock copolymer behavior. The 
interaction energy between different blocks is described by the Flory–Huggins interaction 
parameter χ. χ is larger for more incompatible blocks and decreases with the increase of 
temperature [20]. The polymerization degree is described by N, which is the total number of 
chain units in the polymer. The composition of block copolymer is expressed in terms of 
volume fractions f of one of the blocks. In a given real sample polymer molecules have 
different lengths. Molecular mass distribution is described by the polydispersity index (PDI). 
PDI is the ratio between weight average molecular mass Mw and number average molecular 
mass Mn. 
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 𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑀𝑀𝑤𝑤
𝑀𝑀𝑛𝑛
 ; 𝑀𝑀𝑤𝑤 =  ∑ 𝑛𝑛𝑖𝑖𝑀𝑀𝑖𝑖2𝑖𝑖∑ 𝑛𝑛𝑖𝑖𝑀𝑀𝑖𝑖𝑖𝑖 ; 𝑀𝑀𝑛𝑛 = ∑ 𝑛𝑛𝑖𝑖𝑀𝑀𝑖𝑖𝑖𝑖∑ 𝑛𝑛𝑖𝑖𝑖𝑖  ; 
where ni is the number of molecules with mass Mi. 
The size of the polymer chain can be characterized by radius of gyration Rg. Rg characterizes 
the size of the polymer chain as an average of the squared distance over all units from the mean 
position: 
𝑅𝑅𝑔𝑔
2 = 1
𝑁𝑁
�(𝒓𝒓𝑘𝑘 − 𝒓𝒓𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛)2𝑁𝑁
𝑘𝑘=1
 
In theoretical studies a polymeric chain is described with the bead-spring model. In this model 
the polymer chain is discretized into a number of beads, linked by Hookean springs. Each bead 
consists of many chain units. For convenience, chain units and beads have equal size for 
different blocks. This model is called conformationally symmetric diblock copolymer.  
Behavior of an infinite melt of diblock copolymer can be to a first approximation described in 
terms of χN and f. Microphase separation leads to formation of different morphologies 
depending mainly on these two parameters (fig. 1.2.1.). Equilibrium morphologies of diblock 
copolymer comprise body-centred cubic (BCC), hexagonally packed cylinders (HEX), lamellae 
(LAM) and gyroid (GYR) morphologies. If χN is below the critical value of 10.5, only 
disordered phase (dis) exists. Because χ is roughly inversely proportional to temperature, order 
in a BCP system can be destroyed by heating above a temperature called order-disorder 
transition (ODT) temperature. For a given χ the ODT temperature decreases with the decrease 
of N. Polymers with higher χ are required to achieve the smallest possible size and pitch of self-
assembled structures. 
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Fig. 1.2.1. Illustrations of the equilibrium morphologies and theoretical phase diagram for a 
conformationally symmetric diblock copolymer, calculated using self-consistent mean field 
theory [21]. 
Typically four regimes of block-copolymer interaction are distinguished: disordered, weak 
segregation, intermediate segregation and strong segregation [22, 23]. These regimes are the 
most studied for symmetric LAM example. For χN ≪ 1, interaction between different types of 
chains is sufficiently weak and copolymer melt is disordered. If the parameter is around 10.5 
(χN≅10.5), weak-segregation regime occurs, where profile can be well approximated by 
sinusoid. Intermediate regime (50 > χN > 12) has narrow interfaces between blocks. In the 
strong segregation regime ordered domains are essentially pure (f > 0.9999) and occupied 
almost exclusively by one specious.    
Fig. 1.2.1. Illustrations of the segregation regimes in a symmetric LAM BCP: a) block 
fraction profiles for weak and strong segregation regimes [22] and b) computer simulation 
for intermediate, weak and disorder regimes [24]. 
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Period of microdomain structure D in strong segregation conditions scales as [25]: 
𝑃𝑃~𝑁𝑁23𝜒𝜒16 
In real BCP polydispersity and symmetry of the molecular weight distribution between the 
blocks can affect the forming structure and lead to stabilization of the metastable morphologies 
as hexagonally perforated lamellae (HPL) [26] or cause two-phase coexisting regions [27]. 
Equilibrium phases calculated theoretically were discovered experimentally. Spontaneous 
microphase separation in the bulk polymer will lead to formation of multi-domain structure 
with random orientation. An effective and easy way to align bulk polymer melts is by 
directional shear flow caused by application of mechanical shear [28, 29, 30].  
If BCP is confined in a thin film, many more parameters appear and the phase diagram become 
complex. Important parameters as film thickness and interaction with each of the two interfaces 
for both blocks are added. Calculations only in the case of equal interfaces and low thicknesses 
(below 8Rg) give 20 different morphologies for only two parameters to vary: film thickness and 
ratio between blocks (Fig.1.2.2). Some of the morphologies may be quite difficult to 
distinguish experimentally. For example, two different C⊥, S1 and SC have no sharp phase 
borders and smoothly transform into each other. In the diagram the perforated lamella (PL) 
morphology becomes stable and can be interpreted as gyroid in the thin film regime. Vertical 
dashed lines in fig. 1.2.2. show the borders between bulk morphologies, and they don’t match 
the thin film phase borders. For example, BCP giving spherical morphology in the bulk can 
have lamella structure (Lǁ1) if confined in thin film, where all the material of the minor block is 
spent to form wetting layers at the interfaces.  
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Fig. 1.2.2. Phase Diagram of diblock copolymers confined in thin films between two 
equivalent interfaces [31].  
One more dimension in the phase diagram is opened by the changing difference of the 
polymer-interface interaction. A theoretical simulation of cylinder-forming diblock copolymer 
A-B 8/25 between two equivalent interfaces was conducted and compared with experimental 
results [32]. The model was built for polystyrene-block-poly(hexyl methacrylate) with 33 nm 
microdomain lattice spacing confined in 33 nm and 40 nm thick films. Upper and lower 
boundaries are equivalent, and have different interaction energies with beads of blocks A and 
B: εS,A and εS,B. The parameter ΔεS=εεS,A−-εεS,B characterizes the difference in blocks 
interactions with the interfaces. IfεΔεS = 0, interaction energies are the same and no block have 
preference in wetting the interface. These conditions are called neutral. Interestingly, for ΔεS=0 
and film thickness equal to microdomain lattice spacing disordered phase is formed. A slight 
increase in ΔεS will lead to formation of well-ordered HEX array of cylinders, oriented 
perpendicular to the substrate (C⊥). With further increase ofεΔεS cylinders change their 
orientation to parallel with respect to the substrate (Cǁ). For even larger values of theΔΔεS 
perforated lamellae (PL) is formed. A similar phase diagram is obtained for thicker film.  
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Fig.1.2.3. Modelling of equilibrium morphologies in thin films for cylinder-forming block 
copolymer depending on difference in blocks interactions with the interfaces. 
Between non-equivalent interfaces, driving forces from each interface can form different 
morphologies at the top and at the bottom fringe, resulting in “hybrid morphologies” with 
transition zone in the middle of the film [33]. In real polymer films interfaces are rarely 
equivalent, typically one of the interfaces (bottom) is substrate (commonly silicon wafer), and 
the second (top) contacts air, top surface is free and affected by fluctuations. For example in 
[34], for lamellar polymer confined in supported thin films, 4 morphologies were found 
theoretically: full surface-parallel lamellar morphology (FL), half lamellar (HL), perpendicular 
lamellar (L⊥) and hybrid structure (HY), which is impossible between equivalent interfaces 
(fig. 1.2.4). Theoretical results are in good agreement with experimental data for poly(styrene)-
block-poly(lauryl methacrylate) (PS-b-PLMA).  
Fig.1.2.4. Example of calculated morphologies in supported thin film (left) and AFM data of 
PS-b-PLMA film with varying thickness (right). L0 is the lamellae bulk period. FL is full 
lamellar morphology, HL is half lamellar, L⊥ is lamellae oriented perpendicular to the 
substrate, HY is hybrid structure [34].  
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We can conclude that the morphology of BCP is mainly controlled by the following 
parameters: 
1) Molecular mass and composition of BCP, interaction between blocks. These are
determined by the choice of BCP,
2) Film thickness;
3) Energies of interaction of each block with top and bottom interfaces.
Preparation of thin films by microtomy of macroscopic BCP monoliths disables the effect of 
parameters (2-3), which is the basic advantage of the ex-situ fabrication of lithography mask. 
1.3. Block-copolymer lithography 
The idea to use thin films of self-organized BCPs as masks for lithography was introduced by 
Mansky et al. [35, 36], and shortly after the first pattern transfer from BCP films was 
demonstrated by Park et al. [37]. In this work BCP polybutadiene-block-polystyrene (PB-b-PS) 
having spherical morphology in the bulk, conformed in S1B (spheres between two wetting 
layers on interfaces) was used for creation of dense hole arrays.  
Currently self-organizing properties of BCPs are widely used in lithography. C⊥ and L⊥ 
morphologies are the most attractive structures for lithography. Nanoscale domains are oriented 
perpendicular relative to the substrate resulting in high aspect ratio lithography masks. 
Commonly dry etching is not perfectly selective and high aspect ratio masks are preferred for 
transfer of patterns of high aspect ratio holes/channels in the substrate [38, 39]. Spheres or 
cylinders parallel to the substrate also provide etching contrast, but have numerous 
disadvantages: low aspect ratio due to film thickness limitation to single layer, multiple etching 
steps with different chemistry are required to etch through different blocks, variations of depth 
of sphere placement, leading to different sizes of holes. Obviously some BCP thin film 
morphologies are unsuitable for lithography. For example, lamellae oriented parallel to the 
substrate L‖, produce no etching contrast. Optimization of fabrication parameters to make all 
polymer in the film form L⊥ / C⊥ and prevent formation of L‖ǁ/ C‖ǁis a challenging task for BCP 
lithography. 
Block copolymer lithography begins with the choice of the BCP. Blocks must have large 
etching contrast and high Flory-Huggins parameter in order to allow fabrication of smaller 
structures with lower edge roughness. The block used as mask should have high etch resistance. 
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Before the introduction of poly(styrene)-block-polydimethylsiloxane (PS-b-PDMS) [40], 
various PS-containing organic block copolymers were used where PS served as a mask. 
However, glass transition temperature of PS is 100 °C, and it has relatively low etch resistance, 
making it a poor lithography mask. PDMS provides larger etching contrast between the blocks, 
high Flory-Huggins interaction parameter and higher etch resistance. The Flory-Huggins 
parameter of PS-b-PDMS at room temperature is ~ 0.26 [41], which is considerably larger than 
that of the popular PS-b-PMMA (χ ~ 0.06) [42]. 
The substrate, usually a silicon wafer, is prepared to be absolutely clean and uniform, often 
involving cleaning with piranha solution (a mixture of sulfuric acid and hydrogen peroxide) or 
oxygen plasma and/or repeated rinsing with organic solvents [43]. Chemical and topographical 
substrate uniformity is important for homogeneity of the polymer film. Creation of structures 
perpendicular to the substrate requires fine tuning of the polymer-surface interaction. The way 
to tune interaction energy is chemical modification of the substrate by grafting of a brush layer 
of well-controlled composition that provides a neutral surface [44]. 
Then thin polymer films, with thickness in the rage of 10-300 nm, are fabricated by spin-
coating [45]; BCP solution is dropped on the rotating substrate. The solution is spread as a thin 
film by the centrifugal force and the solvent evaporates rapidly, leaving a uniform BCP film on 
the wafer.  
Rapid solvent evaporation during spin-coating process traps the polymer in poorly ordered non-
equilibrium state. Since the mobility of the BCP in the thin film is suppressed, relaxation to the 
equilibrium structure can be extremely slow. To improve order in the film various annealing 
procedures have been invented. Thermal and solvent annealing or their combinations are the 
most common annealing procedures. Thermal annealing consists in heating of the BCP film 
above the glass-transition temperature Tg or melting temperature for highly crystalline 
polymers to overcome the energetic barrier for chain motion. At the same time thermal 
annealing affects interaction energy of the blocks with the top interface. By varying the 
annealing temperature the top interface can also become neutral as in the case of PS-b-PMMA 
[46]. In 2000, Krausch et al. proposed controlled swelling of BCP films in solvent vapor to 
promote self-assembly [47]. During solvent annealing the BCP film is placed in a closed 
container in the presence of solvent vapor (or mixture of solvent vapors) and solvent molecules 
diffuse into the BCP film, increasing the free volume between polymer chains and plasticizing 
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the polymer. Tg is decreased and chain mobility is improved, allowing a decrease of annealing 
temperature. Parameters of annealing to vary include solvent type [48], time [49] and 
evaporation mode [47]. The annealing procedure is optimized to prevent formation of 
mesoscale morphologies [50, 51]. Alternative ways to promote ordering of the BCP films 
comprise interaction with electric field [52], laser [53], microwaves [54], shear [55], or by soft 
moulding [56].  
Fig. 1.3.1. Illustration of the typical process of conventional BCP lithography:  (1) random 
brush grafting; (2) spin-coating of the BCP film; (3) thermo/solvo annealing; (4) etching of 
the mask; (5) etching of the underlying substrate; (6) mask removal. Image from ref. [60] 
was used. 
During annealing phase-separated regions nucleate at random places [57] forming multi-grain 
structures with short-range order. For L⊥ or C1 (fig. 1.2.2.) multi-grain structure looks like 
“finger print” pattern with gradually bending lines. In order to achieve long-range in-plane 
order in BCP films, directed self-assembly (DSA) by graphoepitaxy [58] and chemoepitaxy 
[59] were developed. Graphoepitaxy is a method to direct the BCP structure by surface 
topography. Creation of guiding patterns can be performed by electron beam lithography [60], 
deep ultraviolet projection photolithography (DUV) [61], extreme ultraviolet lithography EUV 
[62] or conventional optical lithography [63]. Additional steps of resist spinning and disposal 
(frequently used resists are hydrogen silsesquioxane (HSQ) for e-beam and PMMA or other 
photoresists for UV lithography) are required. In relation to these types of substrate pre-
patterning, the work flow for fabrication of wafer-scale pattern of parallel lines is illustrated in 
fig. 1.3.2. Firstly parallel channels with larger period than the period of BCP are created on the 
substrate by conventional photolithography. The pre-patterned substrate is then spin-coated 
with the BCP film. Pattern of parallel lines is obtained in the channels after annealing. The 
width of the channels is usually several BCP periods. At this stage the process can be finalized 
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by pattern transfer to the substrate, if patterning in the limited channel areas is enough for a 
given application. The described process is called graphoepitaxy. If patterning of the whole 
wafer is required, a chemical pattern will be transferred to the substrate inside the channels. 
Mild oxygen treatment creates a chemical nanopattern consisting of polar (bare substrate or 
oxygenated brush) and neutral (unetched brush) stripes. Then all topographical guiding 
structures and residual polymer are removed and the flat chemically patterned substrate is spin-
coated with the same BCP. The chemical pattern will guide BCP orientation and the whole 
wafer will be covered with lines of parallel standing lamellae. This type of directed self-
assembly is called chemoepitaxy. Finally the pattern is transferred to the substrate by reactive 
ion etching. 
Fig. 1.3.2. Schematic workflow for chemoepitaxy [59]. (i) Guiding pattern is made by 
conventional lithography. (ii) BCP is spun on top of the patterned substrate. (iii) BCP 
pattern transferred to the underlying brush. (iv) polymer and photoresist are disposed. (v) 
Chemically patterned substrate spin-coated with BCP.  
Pre-patterning of a substrate with parallel tranches can be utilized for guiding both lamellae and 
cylinders along the tranche walls [64]. By anchoring neutral brush also on the walls of the 
graphoepitaxy pattern, standing cylinders in parallel channels can be obtained [65]. HEX pre-
patterning can be used to realize wafer-scale nanomesh with crystalline order and with period 
half of the period created by e-beam lithography [60], fig. 1.3.3. Pre-patterning creates dots 
preferentially wetting the minor block of BCP, non-patterned areas are slightly preferential for 
the major block. Spinning of BCP on such a substrate will guide cylinders to assemble in C⊥ 
with crystalline order. 
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Fig. 1.3.3. Schematics workflow for density multiplication by means of chemoepitaxy [60]. 
Resist is pre-patterned with e-beam; Oxygen plasma is used to create chemical HEX pattern 
on the substrate; spin-coating with BCP with half period; annealing. 
1.4. Graphene nanostructuring 
Although DSA allows to exploit of the whole potential of the BCP for patterning, its 
application for graphene nanostructuring is problematic. Putting various resists in contact with 
graphene changes graphene properties (charge carrier mobility, doping) [66] and resists are 
very difficult to remove completely [67]. On the other hand the patterns realized without 
graphoepitaxy are not perfect.  
First graphene nanopatterning by means of BCP lithography was made with the help of C⊥ PS-
b-PMMA [68, 69]. Large areas of graphene were patterned with polycrystalline nanomesh. 
Graphene nanomesh with 35 nm center-to-center distance and 18 nm constriction was 
demonstrated in [68]. An effective energy gap of ~100 meV and on/off current ratio of ~40 at 
room temperature were reported. Bai et al. [69] have fabricated graphene manomeshes with 39 
nm periodicity having neck widths of 15 nm, 10 nm, 7 nm, and with 27 nm periodicity having 
neck width of 9 nm, by using block copolymers with two different molecular masses and 
controlled overetching. An on/off current ratio exceeding 100 was measured for the device with 
7 nm neck width. Unfortunately, graphene nanomeshes fabricated with PS-b-PMMMA have 
only a few micron domain sizes.  
By using PS-b-PDMS block copolymers with larger Flory-Huggins interaction parameter and 
by tuning the annealing conditions, small domains can coalesce into larger domains with sizes 
of tens of microns with almost unidirectional orientation [70]. Lines in domain are almost 
unidirectional with few imperfections like dislocations and line misorientation. Possibility to 
lift the mask from the silicon wafer and transfer it to any other  substrate allowed to fabricate 
dense arrays of graphene nanoribbons with 12 nm width and 35 nm period without 
graphoepitaxy [70].  
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A quasi-periodic nanomesh with ~33 nm center-to-center distance was fabricated by 
nanoimprint lithography [71]. Nanomeshes with neck sizes of 17, 14, 10 and 7 nm were 
obtained by controlled overetching.  A maximum bandgap value of ~140 meV extracted from 
the on/off current ratio for the nanomesh with 7 nm neck width was reported. A disadvantage 
of the method is a notable variation in hole sizes caused by non-uniform thickness of residual 
level of nanoimprint resist.  
Graphoepitaxy can be applied to get crystalline order, but topographic features of 
graphoepitaxy use valuable substrate area. Perfectly parallel graphene nanoribbons were 
obtained in very narrow channels [72] by using PS-b-PMMA. For channels broader than 375 
nm, parallel alignment stopped working. For PS-b-PDMS [73], channel width suitable for 
parallel arrangement can be enlarged up to 2 µm. Son et al. reported fabrication of 12 nm and 9 
nm wide graphene nanoribbon arrays with successfully opened bandgaps of 58 meV and 78 
meV at 100 K, respectively.   
E-beam writing develops parallel to BCP, but it also requires coating with resists. As an 
advantage it can give customized pattern, but resolution is still lower than for BCP lithography: 
in recent work the smallest feature sixe realized by e-beam lithography and controlled 
overetching in oxygen plasma was 20 nm [74]. 
Alternatively maskless lithography can be used for graphene nanostructuring. These methods 
can utilize high-energy electrons from transmission electron microscope [75] and give sub-5 
nm features [76].15 nm and 7 nm feature sizes were produced by helium and neon ion beam 
microscopes, respectively [77, 78], while electrochemical etching with scanning probe 
lithography give resolution few nanometers [79, 80]. The main disadvantages of these methods 
are low throughput, relatively high costs and difficulties to scale-up.  
1.5. Summary 
Graphene nanopatterning is required for both industrial applications and scientific studies. One 
of the promising ways to fabricate nanopatterned graphene is to utilize self-assembling 
properties of block copolymers. Block copolymer morphology in a bulk is well-understood and 
in case of lamellae and hexagonal BCP can be easily aligned by shear. In thin films many 
parameters affect the block copolymer morphology and it can be challenging to get the 
necessary orientation of microdomains. In lithography BCP thin film are used for hexagonal 
nanomesh fabrication (spheres, cylinders perpendicular to the substrate) or arrays of 
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nanoribbons (cylinders parallel to the substrate, lamellae perpendicular to the substrate). 
Disorder plays a significant role in graphene electrical transport properties making it important 
to fabricate highly ordered nanostructures on graphene.  
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2. Characterization techniques
Imaging of nanomaterials is an essential part of nanoscience and nanotechnology. Human eye 
cannot be used to see objects and details at nanolevel. Precise measurements of film thickness 
(50 nm-100 nm) and investigation of structures with 10 nm feature sizes requires sophisticated 
up-to-date equipment. Theoretical foundation and main working principles of complex 
equipment relevant for the work will be discussed in this chapter. 
2.1. Optical microscopy 
Optical microscopes use visible light (electromagnetic waves with wavelengths between 400 
and 700 nm) to get magnified images of small samples. Optical microscopes are generally used 
to observe micro- to millimeter scale objects. Due to diffraction of visible light, objects are 
distinguishable only if they are separated by more than 200 nm. 
For optical imaging Nikon ECLIPSE L200 with up to 50x magnification lenses was used. The 
fact that the thickness of polymer films directly correlates with their color makes optical 
microscope a fast way to check film thickness. The effective refractive index of our nanoporous 
polymer calculated by from Lorentz-Lorenz relation is 1.3 [81]. If a polymer film covers the 
silicon wafer with only 1-2 nm thick silicon oxide layer, the color of the film is determined by 
the optical path difference (OPD) between light reflected from the top of the film and light 
reflected from the silicon.  OPD can be calculated as follows: 
Fig. 2.1.1. Scheme of light reflection. 
𝑂𝑂𝑃𝑃𝑃𝑃 = 𝑛𝑛2𝐴𝐴𝐴𝐴 +  𝑛𝑛2𝐴𝐴𝐵𝐵 −  𝑛𝑛𝑚𝑚𝑎𝑎𝑎𝑎𝐴𝐴𝑃𝑃, (1) 
where n2 – refractive index of the polymer film, nair is refractive index of air. 
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𝑂𝑂𝑃𝑃𝑃𝑃 = 2𝑛𝑛2𝑑𝑑
𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2
− 𝑛𝑛𝑚𝑚𝑎𝑎𝑎𝑎𝐴𝐴𝐵𝐵𝐴𝐴𝐴𝐴𝑛𝑛𝜃𝜃1 = 2𝑛𝑛2𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2 − 𝑛𝑛𝑚𝑚𝑎𝑎𝑎𝑎 2𝑑𝑑𝑐𝑐𝑎𝑎𝑛𝑛𝜃𝜃2𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2 𝐴𝐴𝐴𝐴𝑛𝑛𝜃𝜃1 (2) 
According to Snell’s refraction law (3) 
𝑛𝑛𝑚𝑚𝑎𝑎𝑎𝑎𝐴𝐴𝐴𝐴𝑛𝑛𝜃𝜃1 =  𝑛𝑛2𝐴𝐴𝐴𝐴𝑛𝑛𝜃𝜃2 (3)
(2) can be rewritten as: 
𝑂𝑂𝑃𝑃𝑃𝑃 = 2𝑑𝑑𝑛𝑛2 � 1𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2 − 𝑐𝑐𝑎𝑎𝑛𝑛𝜃𝜃2𝑐𝑐𝑎𝑎𝑛𝑛𝜃𝜃1 𝑐𝑐𝑎𝑎𝑛𝑛𝜃𝜃2𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2 𝐴𝐴𝐴𝐴𝑛𝑛𝜃𝜃1� = 2𝑑𝑑𝑛𝑛2 � 1𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2 − 𝑐𝑐𝑎𝑎𝑛𝑛2𝜃𝜃2𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2 � = 2𝑑𝑑𝑛𝑛2 �𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃2𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2 � = 2𝑑𝑑𝑛𝑛2𝑐𝑐𝑐𝑐𝐴𝐴𝜃𝜃2 (4) 
𝑂𝑂𝑃𝑃𝑃𝑃 = 2𝑛𝑛2𝑑𝑑𝑐𝑐𝑐𝑐𝐴𝐴𝜃𝜃2 (5) 
In case of several layers, for example, if we have thick silicon oxide layer under the polymer 
film, we need to sum contributions from all layers: 
𝑂𝑂𝑃𝑃𝑃𝑃 = 2 ∑ 𝑛𝑛𝑎𝑎𝑑𝑑𝑎𝑎𝑐𝑐𝑐𝑐𝐴𝐴𝜃𝜃𝑎𝑎𝑎𝑎 , (6) 
where ni, 𝜃𝜃i are taken for each layer.  
Assuming normal incidence of light in the optical microscope and a uniform refractive index 
n(λ), (6) can be rewritten for all wavelengths:   
𝑂𝑂𝑃𝑃𝑃𝑃 = 2 ∑ 𝑛𝑛𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎  (7) 
The color of a thin film is usually determined by the wavelength that fulfills conditions for 
constructive interference at the given film thickness, i.e. when OPD equals a full number of 
wavelengths. In case of ultra-thin films, when OPD is below interference maxima for all 
wavelengths of the visible light, the color is determined by destructive interference. With 
increase of the film thickness from 0 nm (white light reflected) the phase shift increases faster 
for shorter waves. Polymer films thicker than ~20 nm start to exhibit light brown color due to 
suppression of blue light [82]. Our region of interest is 30-60 nm thick films and they have 
light brown or beige color. 
2.2. Atomic Force Microscopy 
For precise topography measurements an atomic force microscope (AFM) was used. In AFM 
[83] the sample is scanned with a sharp needle (tip radius less than 10 nm), connected to the 
end of a cantilever. Nanometer-precise movements of the sample are performed by a 
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piezoelectric scanner. The force originating from the tip-sample interaction bends the cantilever 
and these deformations can be detected by an optical lever detection system. A laser beam is 
shined at the end of the cantilever, reflected and directed to the center of a position-sensitive 
photodiode. When the cantilever bends, the laser spot moves on the photodiode and the signal 
on the sections of the photodiode changes. In this way deformation can be measured, and a 
feedback loop moves probe (or sample) up or down to keep a particular operating parameter 
constant. 
AFM is ideal for measuring surface roughness and heights of small topographical features. 
Fig.2.2.1. Schematic AFM working principle. 
In the tapping mode the cantilever oscillates at a frequency close to the resonance with an 
amplitude of 100-200 nm. When probe approaches the surface, it is firstly attracted by Van der 
Waals force. This force shifts the resonance frequency and the amplitude of oscillations 
changes. By measuring this weak attraction a true non-contact mode can be realized. When the 
oscillating probe comes closer to the surface, it intermittently contacts the surface and the 
oscillation magnitude reduces due to energy dissipation. This mode is called intermitted or 
tapping. The feedback loop moves the sample up and down in order to keep the amplitude of 
oscillation constant. 
2.3. Scanning electron microscopy 
Scanning electron microscopy (SEM) analyses local interaction of an electron beam with the 
sample. A small spot on the sample, irradiated with electrons, becomes the source of numerous 
signals: secondary electrons (SE) are produced in the interaction volume, back-scattered 
electrons (BSE) and characteristic X-rays [84] are also generated. BSE show contrast between 
different atoms: heavier nuclei produce more BSE. In the project in-lens SE detector is used.
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Most of SEM images are obtained using a SEM-ZEISS instrument with field emission gun. It 
has two secondary electron detectors: Inlens and SE2, differing in their location [85] (fig. 2.3.1 
a). The in-lens detector is located inside the column and can collect more low-energy electrons. 
When sample is very close to the lower objective and immersed in the field of the objective 
lens, SEs spiral upward in the magnetic field of the objective and can be efficiently collected by 
the in-lens detector. The in-lens detector is good for high-resolution topographic imaging at 
working distances of 4 mm-10 mm. The SE2 is located inside the chamber aside from the beam 
path. Its collector attracts both SEs and BSEs. The SE2 detector is useful for general purpose 
imaging at working distances of up to 30 mm. 
 a)   b)
Fig. 2.3.1 a) SE2 and in-lens detector location in SEM chamber [85]. b) Schematics of SEM 
working principle [86].  
Secondary electrons provide information on sample topography and morphology. The contrast 
appears due to edge bloom effect (see scheme in fig.2.3.1.b): close to edge and at the slopes 
more SE can escape from the sample leading to increased SE signal and image brightness.  
During scanning, electrons can accumulate on the surface of the specimen. “Charging” leads to 
changes of the contrast in scanned areas. To prevent charging the sample can be coated with a 
conductive metal film (gold, platinum). The presence of pattern can be determined much faster 
by SEM than by AFM. Images of nanoporous polymer masks prepared in this work were of a 
good quality without sputter coating. For high quality SEM imaging of graphene nanomesh 
graphene flakes were transferred onto gold electrical contacts to allow proper grounding.  
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 2.4. Raman microspectroscopy 
Raman spectroscopy is a commonly used method to characterize graphene’s quality and 
properties. Raman spectroscopy studies inelastic scattering of monochromatic light on the 
sample. Photons interact with excitations in the system (phonons, molecular vibrations, etc.) 
resulting in energy loss (this type of scattering is called Stokes Raman scattering) or energy 
gain (anti-Stokes Raman scattering). The electromagnetic radiation from the illuminated 
sample is collected. Inelastic scattering spectrum is very sensitive to the geometric structure 
and bonding within molecules. This technique is non-destructive and non-invasive if 
measurement conditions are chosen appropriately. In graphene, Raman spectroscopy can 
provide evidence on doping, edges, strain and stress, disorder, chemical functionalization, 
electrical mobility, thermal conductivity, electron–phonon and electron–electron interactions, 
magnetic field and interlayer coupling [87].  
The most important for the current project is determination of the presence of nanopatterned 
graphene, which can be distinguished from unpatterned graphene by Raman microscopy (fig. 
2.4.1. a). Graphene spectrum has several strong peaks [88], providing the following data on 
graphene. 
• G peak (~1585 cm-1). The G band corresponds to the C-C bond in-plane vibrational mode of
sp2 hybridized carbon atoms (fig. 2.4.1.b) and is found in all sp2 carbon materials. The position 
and intensity of the G band are sensitive to the number of graphene layers in the sample. As the 
number of layers increases, the G peak intensity increases linearly and the peak shifts towards 
lower wavenumbers (fig. 2.4.1.b). The linewidth of G peak (~10-15 cm-1) is sensitive to strain, 
temperature and doping. Temperature and doping also shift the position of the G peak.  
• D peak (~1250-1400 cm-1). The D band (also called “disorder” or “defect” band) represents a
ring breathing mode from sp2 carbon rings fig 2.4.1.d. However, the ring must be adjacent to 
graphene edge or defect in order for the D band to be active. Thus the intensity of the D band in 
some cases is directly proportional to the level of defects in the sample (fig. 2.4.1.a). In 
graphite and high-quality graphene it is vanishing. 
• G’ or 2D peak (~2500-2800 cm-1) is the second order of D band, activated by a two phonon
lattice vibration. Unlike the D band, proximity of a defect is not required for its activation. 
Single-layer graphene exhibits a single symmetric Lorenzian peak, but with increasing number 
of layers it splits into several overlapping modes (fig. 2.4.1.c). The intensity ratio of I2D/IG is a 
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common parameter for graphene characterization. For single layer high-quality graphene it is 2 
or higher, with zero D peak. 
a)
c) 
b)
  d) 
Fig. 2.4.1. a) Examples of Raman spectra on graphene. a) Raman spectra of unpatterned 
graphene and graphene nanomesh [89]. b) G-peak for single, double and triple graphene 
layer [90]; c) 2D peak for single, double, triple and multiple graphene layers [89]; d) 
schematics of breathing mode from sp2 carbon rings.  
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3. Fabrication techniques
Approaches for nanomaterial fabrication can be divided into two groups: top-down and bottom-
up. Top-down approaches concern the shaping and structuring of larger pieces by controlled 
removal of material, typically by means of a radiation beam (electromagnetic, electrons, ions, 
etc.). In bottom-up approaches smaller parts are made to assemble into larger parts, which 
could be molecular or atomic dimension precursors self-assembling into finely structured 
samples. Fabrication of nanometer-scale structures requires precise control of fabrication 
conditions and environment (absence of dust, contaminations, etc.), so most fabrication 
equipment is placed in a clean room.  
3.1. Conventional mask fabrication by spin-coating 
Block-copolymer lithography for graphene bandgap engineering was firstly introduced in 2010. 
Two articles on graphene nanomesh fabrication [68, 69] with the help of HEX poly(styrene)-
block-poly(methyl methacrylate) (PS-b-PMMA) appeared nearly simultaneously.  
The work flows applied in the two articles are very similar. Because graphene is not a neutral 
surface for PS-b-PMMA, grafting random brush PS-r-PMMA was required in order to orient 
cylinders perpendicular to the substrate. For this purpose graphene was covered with a thin 
layer of evaporated silicon oxide, since anchoring of the brush utilizes hydroxyl groups from 
the silicon surface. Then a multi-step etching process was performed in order to get graphene 
nanomesh (fig. 3.1.1). 
The key step of the procedure is the creation of BCP mask with cylinders orientated 
perpendicular relative to the substrate. Both articles [68, 69] give precise recipes of optimized 
conditions. Because there was a need for nanostructured graphene in CNG, we have chosen to 
reproduce results of J. Bai et al. [69]. They purchased all the polymers and their procedure 
seemed to be more general, since they succeeded to realize perpendicular PMMA cylinder 
orientation for two different BCPs with periods of HEX structure of 39 and 27 nm. The hope to 
reproduce the results was very strong. Before repeating the whole procedure on graphene, it is 
important to reproduce “standing” orientation of cylinders on the silicon substrate. 
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1) Pristine graphene on substrate covered with SiOx
by vapor deposition, random brush grafted and
spin-coated with PS-b-PMMA;
2) Annealing and development of PMMA, leaving
nanoporous PS mask;
3) Fluorine-based etch to penetrate silicon oxide layer
and form silicon oxide hard mask;
4) Graphene etch with oxygen plasma;
5) Removal of the oxide mask;
6) Etch of the underlying silicon substrate to lift off
graphene.
Fig. 3.1.1. Workflow for graphene nanopatterning from [69]. 
The aim was to reproduce the reported results as closely as possible. All polymers used in the 
article [69] were purchased from the Polymer-Source, Inc. Unfortunately, the small period 
block-copolymer giving 27 nm period and the random copolymer used in [69] were not 
available at Polymer-Source, Inc. That was the reason to use the PS-b-PMMA with the larger 
period and two different random copolymers as brushes. One of the random copolymers was 
purchased from Polymer-Source, Inc. and had the same composition, but higher molecular 
weight (14500 g/mol instead of 11000 g/mol used in [69]). Samples with this type of random 
brush will be labeled as PrCP. The second random copolymer was synthesized in our 
laboratory (LrCP). It has additional hydroxyl groups on 2-hydroxy ethyl methacrylate (HEMA) 
chain units to anchor to the silicon oxide. 
a) b) c)
Fig. 3.1.2. Structures of used chemicals. a) Random copolymer PS-b-PMMA from Polymer-
Source, Inc.; b) 2-hydroxy ethyl methacrylate (HEMA) – additional chain units in random 
copolymer synthesized in our laboratory; c) Block copolymer PS-b-PMMA. 
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In detail the utilized chemicals have following specifications (Fig. 3.1.2). From the 
PolymerSource was purchased random copolymer poly(styrene-co-methylmethacrylate), α-
hydroxyl-ω-tempo moiety terminated with Mn=14500 g/mol, 55mol% Styrene. Our random 
copolymer PS-r-PMMA-r-HEMA has weight composition HEMA = 2w%, PS= 55w%, 
PMMA 43w%, and Mn=16300 g/mol, PDI=1,466. The same PS-b-PMMA as in ref. [69] was 
purchased from polymer source, it has Mn=77000 g/mol, PDI =1,09, with weight composition 
PS:PMMA 55:22. 
The full procedure for vertical alignment of microphases in the thin film supported by silicon 
substrate is as illustrated in fig. 3.1.3. The whole process took place in the clean room. At first, 
clean silicon wafer with a thin natural oxide layer (1-2nm) was spin-coated with 1w% solution 
of the random copolymer in toluene. A ~30 nm thick brown polymer film was obtained. Then 
the sample was put into the oven for anchoring of the polymer with hydroxyl groups to silicon 
oxide. Air was pumped out and the oven was heated up linearly from room temperature to 170° 
in 20 minutes. The sample was kept for 72 hours at 170°C in vacuum, then the oven was cooled 
to room temperature under nitrogen flow in 30 minutes. Afterwards the wafer was rinsed in 
toluene to remove unanchored polymer. Most of the film was removed and only a very thin 
transparent layer of random copolymer brush remained: it had thickness of 2-4 nm for LrCP 
and of 4-7 nm for PrCP. Wafers with the random copolymer brush were spin-coated with a 
solution of PS-b-PMMA in toluene. Resulting BCP films were thermally annealed at 180-
225°C for 12 hours under vacuum. Annealing was expected to orient all cylinders 
perpendicular to the substrate, but we always observed that varying fractions of the cylinders 
are misaligned. PMMA in the annealed film was degraded by ultra-violet (UV) light in air. A 
350 W mercury UV lamp with i-line filter (365 nm wavelength) was used for 1 minute. 
Degraded PMMA was washed away by rinsing in glacial acetic acid followed by intensive 
water rinsing. Thus nanoporous PS mask was fabricated. Then the samples were studied under 
SEM.  
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Fig. 3.1.3. Scheme of the process flow for nanoporous PS mask preparation. Steps are the 
following: 
• Spin-coating of the clean silicon wafer with random copolymer (~30 nm thick film);
• Anchoring via hydroxyl groups to silicon oxide at 170° ˚C for 72 hours;
• Toluene wash to remove unanchored random copolymer;
• Wafer with random brush is spin-coated with block copolymer PS-b-PMMA;
• 12 hours thermal annealing; can lead to proper or poor alignment;
• UV-irradiation, glacial acetic acid washing to remove degraded PMMA, water rinsing.
• SEM for nanostructure observation.
3.2. Microtome-based mask fabrication 
The work flow of the process (fig. 3.1) indicates three main stages: preparation of aligned 
polymer monolith (1, 2), mask microtoming and deposition onto the substrate (3) and multi-
step reactive ion etching (RIE) for pattern transfer (4, 5). 
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Fig. 3.2.1. Work-flow of the proposed nanolithographic process. (1) 1,2-PB-b-
PDMS with random domain orientation is shear-aligned and cross-linked to fix the 
structure. (2) PDMS is selectively etched to obtain nanoporous PB (nPB). (3) nPB 
is microtomed at room temperature. The sections suspended in a water droplet are 
captured within a metallic loop and transferred onto a silicon wafer. (4) Silicon 
etching by RIE, which transfers the pattern to the substrate under the mask and 
uniformly etches the silicon outside of the mask. (5) Mask removal by oxygen 
plasma.  
Block-copolymers 1,2-polybutadiene-block-polydimethylsiloxane (1,2-PB-b-PDMS) 
synthesized in our lab were used for the preparation of the polymer monolith. A whole library 
of this polymer was synthesized and characterized in previous work from our group [91]. 
This BCP is remarkable. The first block consisting of 1,2-PB has vinyl double bounds C=C and 
can be cross-linked. The PDMS block can be selectively etched from the bulk by wet 
chemistry, leaving a nanoporous scaffold of cross-linked 1,2-PB. In detail, the procedure for 
the preparation of nanoporous polymer is as follows. Block copolymer and 1% mole fraction of 
cross-linker relative to double bonds were co-dissolved in tetrahydrofuran (THF) and cast into a 
flat-bottom Petri dish; after overnight solvent evaporation under nitrogen flow, the paste-like 
block copolymer was squeezed between two microscope glasses equipped with 1 mm spacers 
and shear-aligned mechanically by hand. The glasses were moved back and forth relative to 
each other with 5 mm amplitude and 0.2 Hz frequency for 15 cycles. It is worth noting, that the 
polymer in direct contact with the glass plates does not move properly and form a skin layer 
with poorly aligned polymer domains. The shear-aligned samples were cross-linked for 2 hours 
at 140°C in nitrogen atmosphere. Afterwards quantitative etching of the PDMS block can be 
performed by putting the polymer monolith into tetra-n-butylammonium fluoride (TBAF) in 
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THF solution at room temperature for 48 hours. In this way PB-b-PDMS block copolymer and 
nanoporous 1,2-PB monoliths for HEX, GYR and LAM morphologies can be fabricated.  
A microtome is a tool to slice materials into extremely thin sections with high precision of 
thickness. Microtoming is a common procedure to prepare samples for transmission electron 
microscopy. A microtome consists of a very sharp knife, made of steel, diamond or glass, and a 
mechanical motor. Both knife and sample are tightly fixed in their holders. The knife can be 
translated horizontally with nm-precision, which allows precise controlling of section 
thickness. Section is cut off during samples movement downwards, as illustrated in fig. 3.2.2. 
There are two principal modes of sectioning: dry and wet. Knifes for the wet sectioning have a 
groove filled with water. After cutting the slice floats on the water surface and can be captured 
by a special loop. During dry slicing, sections stick to the knife and are removed from the sharp 
edge with an eyelash and then collected.  
Fig. 3.2.2. Schematics of microtoming process for dry (upper row) and wet slicing. 
Compression of soft samples during the cutting process can lead to formation of wavy sections. 
One of the ways to make the polymer samples harder is to decrease temperature. For this need 
cryomicrotoming was developed: both sample and knife are placed in the chamber and liquid 
nitrogen is pumped inside. Temperature can be decreased to -170°C. 
Cryomicrotoming and standard wet slicing do not allow sufficient degree of control for the 
thickness and shape of the sections from polymer monoliths. Thickness could not be kept 
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constant during wet slicing. Thin sections were tens of microns in size. In cryomicrotoming the 
thin sections were nearly invisible and too small to manipulate with an eyelash. Before transfer 
many sections were accumulated at the knife edge. The formed agglomerate was then collected 
by an eyelash inside a small vial bottle. Several droplets of isopropanol (assay: ≥99.9%) were 
added, sections were separated by ultra-sonication and then deposited onto the silicon wafer. 
After solvent evaporation sections stick properly to the wafer and don’t detach during further 
rinsing with water and isopropanol. Wafers with many flakes on top were carefully studied 
under a high magnification optical microscope. The thinnest flakes (brown) were found and the 
thicknesses of some of them were measured by AFM. Some examples of thin polymer flakes 
obtained by cryo microtoming with AFM height profiles are presented in fig. 3.2.3. Because of 
the lack of control, flakes have irregular shape and very rough surface due to compression 
during the cutting process. Wave-like thickness variations with ~5 nm amplitude are clearly 
visible for both BCP (top row) and nPB monoliths slicing. The thinnest sections obtained were 
25 nm thick and less than ten microns in sizes. The largest piece was 70 nm thick and 90 µm 
large. 
Most of the flakes were blue (~120 nm thick) and it could happen, that there were no flake 
thinner than 80 nm on the whole wafer. This illustrates the low degree of predictability on 
sample thickness achieved by traditional cryo/wet microtomy.  
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Fig. 3.2.3. AFM images of BCP flakes (a-b) and nPB flakes (c-d) obtained by cryo 
microtoming. AFM profiles are taken along the green lines. All scale bars are 10 µm.  
Microtomed masks can bear numerous imperfections. If knife is damaged, large scratches will 
appear on the section surface (fig. 3.2.4 a). Smaller scratched (narrow parallel lines ~30 nm 
wide and 2 nm high) are left by polymer dust particles accumulated on the edge of the knife. 
The flake in fig. 3.2.4.b is one cut off the poorly aligned skin layer. In the SEM image 8 
domains with different orientation are distinguishable on an area of ~200 µm2.  
a) b)
Fig. 3.2.4. SEM images of nanoporous flakes. a) nPB mask with large scratch from the 
knife; b) Small flake cut off the skin layer and the same flake with the highlighted domain 
borders. 
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The best choice for obtaining large and smooth flakes is ultra-sonic oscillating knife. It 
oscillates during the slicing process for minimization of the sample compression [92]. Prior to 
the cutting of ultra-thin sections sample trimming procedure is highly recommended. Trimming 
is the standard procedure to shape samples as truncated pyramid. Firstly, front fringe of the 
sample is trimmed with front facet of the trimming knife, then pyramidal sides are trimmed 
with the side facets of the knife, as illustrated in fig. 3.2.5. Lots of material is quickly removed 
by the special trimming knife. It is better to trim with the trimming diamond knife to prevent 
glass or iron particles appearance in the sample that can damage the precious oscillating 
diamond knife. In further experiments the misaligned parts at the sample fringes were removed 
by appropriate trimming with the DiATOME trimtool 45 and sections were only cut from the 
middle of the monolith. During the trimming procedure all edges of the sample were cut away, 
and the samples were shaped as truncated pyramids with the rectangular front fringe face of 
~200 x 300 µm2. 
Fig. 3.2.5. Trimming procedure from DiATOME web site [93]. 
Samples were sectioned at the resonance frequency (~25.9 – 26.3 kHz) at amplitudes 2-6 V, 
feed 30-60 nm, sectioning speed 0.6 mm/s and at an angle of 6°. Sections floating in the groove 
of the knife filled with DI water were picked up with a home-made metal loop and deposited 
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directly onto the clean silicon wafer chip. Water droplet was soaked with a paper napkin. The 
wafer with the sections was finally rinsed with water and immersed in isopropanol before their 
processing in the etcher.  
Fig. 3.2.6. Optical image of sections obtained with ultra-sonic knife deposited onto 
silicon wafer. 100 µm scale bar. 
With the ultra-sonic knife series of full section can be cut with minor variation in thickness 
(fig. 3.2.6.). All flakes have the same shape. Sizes of flakes can be up to 300 µm with typical 
thicknesses of 50-60 nm. They are easy to find in optical and scanning electron microscopes. 
Sections became large enough to form wrinkles. The presence of compression can be detected 
by periodic changing in color saturation. External mechanical vibrations during sectioning also 
contribute to thickness variations. Because of these factors slicing with thicknesses under 50 
nm is not fully controlled. The thinnest sections of nPB obtained by ultra-sonic microtoming 
were 30 nm thick and had a size of 100 x 300 µm2. 
3.3. Dry etching 
For pattern transfer from both spin-cast and microtomed masks two different etchers in 
Danchip were used: Inductive Coupled Plasma (ICP) Metal Etcher and Reactive Ion Etcher 
(RIE2). In the plasma etcher material is removed by high-energy ions that attack the surface 
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and chemically react with it. In order to ensure stability of etcher performance, the chamber 
was cleaned by applying 20-30 minutes of oxygen plasma before each sample etching. 
Several different recipes for silicon etching were used. The recipe for anisotropic silicon etch in 
RIE2 performs black silicon etch with a SF6/O2 mixture [94]. Applied to bare silicon surface, 
this etching produces needle-shaped surface structure. This recipe appeared, when it was 
noticed that addition of oxygen to fluorine-based plasma changes etch profile to more 
anisotropic. Oxygen forms protective oxide layer both on the walls and in the bottom of the 
etched trench. Oxygenation can be reduced by ion bombardment which is significant only at 
the trench bottom, where fluorine attack with concomitant etching of silicon will occur. 
The scheme of the etching reactions can be written as:  
Si +xF +yO → SiFxOy (reaction layer formation) 
And depending on the O/F flux ratio, one of the two processes can prevail: 
Si + F → SiF4 (etching) 
Si+2O → SiO2 (passivation) 
This anisotropic silicon etching was employed for gyroid pattern transfer. The recipe has the 
following parameters: 80 mTorr, with O2:SF6 8:32 sccm, 30 W power. 
The second recipe for silicon etch utilized mixture of gases CHF3/SF6/O2 and etching in this 
case is more isotropic that for the black silicon recipe.  
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The three componets of the plasma have the serves as 
following functions: 
1) SF6 is chemical etchant for the substrate; SF6
is the source of F• for the chemical etching of
silicon with formation of SiF4;
2) O2 is passivator and blocks the etching at the
sidewalls; oxygen produces O• radicals to
passivate the silicon surface by formation of
SiOxFy;
3) CHF3 is local remover of the passivation layer
at the bottom. CHF3 creates CFx+ ions to etch
SiOxFy with volatile COxFy production.
Fig. 3.3.1. Schematic drawing for 
silicon etch mechanism [95]. 
Alternatively, silicon etching could be performed on an ICP metal etcher (SF6 : C4F8 70 : 35 
sccm flow rate with ICP power 1200 W and RIE power 200 W at 1.9 Pa pressure), with etching 
rate of ~0.8 nm/s. This recipe and the previous one applied to our samles gave very similar 
results. In the recipe SF6 is etchant, while C4F8 is a passivating component. This etching 
process is called Bosch process. The passivation component forms polymeric nCF2 on the walls 
and in the bottom of the etched trench. During etching the film in the bottom of the trench is 
reacting with F• radicals. After protective film is removed the exposed silicon begins to be 
etched. But nCF2 film on the side wall reacts only with fewer off-vertical ions and cannot be 
entirely removed. The film protects side walls at higher degree and thus anisotropic etching is 
realized [96].  
Fig. 3.3.2. Schematics of etching chemistry for Bosch prosess [97]. 
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Recipies with Ar/O2 mixtures were used for polymer and graphene etching. Argon addition 
causes inert ion bombardment of the surface, which results in enhanced anisotropic etching 
[98]. For mask thinning and graphene etching a strongly anisotropic recipe was used (O2:Ar 
5:45 sccm, pressure 10 mTorr, power 30 W, mask etch rate ~1 nm/s). The oxygen atom attack 
of a polymer can proceed by a variety of mechanisms including [99]: 
(1-3) Abstraction by oxygen: oxygen radical steals hydrogen from the polymer chain. 
(4) Oxygen addition: an oxygen radical attacks a double C=C bound, forming epoxy group. 
(5) Dissociation by oxygen: oxygen radicals transfer their electrons to polymer and form 
molecular oxygen. 
(6) Oxidation and (7) chain scission: oxygen attaches to the chain and breaks it. Multiple chain 
scissions and oxidation of organic polymer form ultimately volatile CO2 and CO.  
Fig. 3.3.3. Schemes of the possible reactions during oxygen plasma etching. 
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3.4. Wet etching for single-lamellar mask preparation 
Spin-coating gives flat films, but the morphology of the BCP in a film is difficult to predict and 
control. The morphology of bulk BCP is known and can be effectively aligned, but ex-situ 
preparation of the polymer mask with microtome suffers from several disadvantages. Mask 
surface has scratches made by polymer dust accumulated on the knife edge, “wavy” thickness 
variations due to compression and unevenness due to external shaking during slicing. Thin 
layers of polymers obtained by bottom-up approach wouldn’t have these imperfections. 
Layered structures with flat interfaces are naturally self-assembled in bulk lamellar BCP. 
Bulk LAM BCP can be aligned by shear into parallel lamellae with surface roughness 
depending on Flory-Huggins interaction parameter. By cross-linking one of the blocks and 
etching another one separated lamellar can be obtained. Solid homogeneous lamellae, of 
course, cannot be used as masks for lithography, but in morphologies like HPL, and in some 
triblock copolymer morphologies (fig. 3.4.1) half of the lamellae are nanostructured. In the case 
of HPL morphology wet etching of the majority phase (black in fig. 3.4.1 a) will lead to 
formation of the perforated polymer lamellae swimming separately in the etching solution. 
Another option is to use triblock copolymers or star block copolymers, for example like the one 
obtained in [100] (fig. 3.4.1. right). Triblock copolymers self-assembled in alternating lamellae 
of two different polymers, one type of lamellae consists only of one type of polymer units (A) 
and the other lamellae of polymer (B) bearing cylinders of the third polymer (C) inside. We can 
align the bulk triblock copolymer and then selectively remove the A polymer lamellae, 
obtaining smooth layers of B polymer with cylinders of C inside as a lithographic mask for 
hexagonal pattering. Possible types of polymer units are: A=poly(lactic acid),  
B=poly(butadiene) or polystyrene and C=poly(dimethylsiloxane) or poly(methyl methacrylate). 
a) b)  c)
Fig. 3.4.1. Possible precursors for mask fabrication by wet etching a) HPL diblock 
copolymer; b) star triblock copolymer; c) linear ABC triblock copolymer. 
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The approach was tested by wet etching separation of single lamellae from a lamellar block 
copolymer 1,2-PB-b-PDMS. The block-copolymer was aligned by shear between two glasses. 
This made lamellae to orient parallel to the shearing plates. Polybutadiene was cross-linked and 
then PDMS was etched with TBAF in THF and the whole structure collapsed, but remained as 
one large piece. The sample was washed by mixtures of THF/ethanol with increasing 
percentage of ethanol to remove TBAF and the etch products. Then the sample was gently 
scratched parallel to the surface and dust collected into a bottle with solvent, THF or ethanol. 
Ultra-sonication was used for delamination and the solution became milky. Then it was 
dropped onto a silicon wafer and left to dry. As a result, numerous one-layer thick flakes were 
observed on the silicon, some are showed in fig. 3.4.2.  
Fig. 3.4.2. AFM images of cross-linked polybutadiene flakes on silicon wafer. Left to right: 
one of the largest single flakes; flake with wrinkle; heap of overlapping flakes. All scale bars 
are 5 µm. 
The thickness of flakes was measured as 17-20 nm. The largest flakes have sizes of ~15 µm. 
This way of mask preparation has advantaged and disadvantages compared to the microtome-
based method: 
1) Thinner flakes can be obtained (18 nm thin in our case);
2) Flakes have more uniform thickness without any scratches or other artifacts related to
top-down fabrication;
3) Only one thickness is possible. Changing of the thickness requires new polymer
synthesis;
4) Solvent dried on flakes brought contaminations;
5) Flake sizes are smaller;
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6) No control of the deposition place. Flakes lie on top of each other.
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4. Conventional lithography: PS-b-PMMA thin film self-assembly
The optimized recipe from ref. [69] was at first precisely repeated, but only ~60% of the 
cylinders in the resulting nanoporous PS mask were oriented perpendicular relative to the 
substrate. In order to increase the percentage of “standing” cylinders an effort was made to find 
the new optimum conditions. Published parameters were used as the starting point and were 
varied to improve the final results. 
4.1. Optimization 
The first optimization was made by tuning film thickness and changing the annealing 
temperature. According to the recipe, optimal thickness is in range 30-35 nm after annealing. 
Thicknesses in this range were obtained by spin-coating 0.8w% solution of PS-b-PMMA in 
toluene. Films were cast at six different rotational speeds in order to fine tuning thickness: 
1000, 2000, 2500, 3000, 4000, 5000 rotations per minute (rpm) for 1 minute. For thickness 
measurement spin-cast films were gently scratched with a tweezer in order to remove film 
without damaging the substrate. Thickness of the film was measured by AFM profile in several 
places before and after annealing (see tables 4.1.1 and 4.1.2). 
Thickness of the BCP film for different annealing conditions, nm 
Speed, rpm Non-annealed 180°C 200°C 235°C 
1000 43; 44; 40; 38; 41; 
42; 43; 37; 39; 
43,5; 40,5; 41,5; 
44,5 
44; 50; 40 41; 40,5 
2000 41, 35 34; 36; 32,5 36,3; 36,3; 37,6; 37,5  33.8; 32,8 
2500 34, 34, 34,5 32; 33; 33,5  34; 33,5 33; 31-32,5; 
3000 n/a 32,5; 31; 33,5 31,6; 36,2; 31,2 31,4; 32,6; 31 
4000 35.5, 34 32,4; 31; 35 32; 31 36.8; 34,6; 37; 42 
5000 34,5, 33, 35, 30, 33 35,5; 35; 37 34; 40; 32,5 36; 32,5; 34,5 
Table 4.1.1. AFM thickness measurements for BCP films cast from a 0.8w% solution in 
toluene on LrCP  
Thickness of the BCP film for different annealing conditions, nm 
Speed, rpm Non-annealed 180°C 200°C 235°C 
1000 42,5 42,4; 45,8; 42,8 46; 42,4; 45 40,5; 37; 41 
2000 38; 36,5 35; 33,5; 35,6 33,9; 35,8; 34 32,3; 29,6; 36 
2500 37,4; 37,5; 29-32; 33,1; 34 33,8; 35,9 34-36,6; 33,5 
3000 n/a 34,5-35,5; 35,5 34,4; 35; 34,4 37,8; 36,5 
4000 37; 35 37; 32,2; 29.8; 32; 36,6; 35,5 32; 32,6 
5000 41; 36,5; 37,5; 30 39; 36-37; 33-34 32-31; 33; 32,5 37-38; 33,5-34,5 
Table 4.1.2. AFM thickness measurements for BCP films cast from a 0.8w% solution in 
toluene on PrCP  
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A set of annealing temperatures was tried for each thickness in order to optimize the top 
interface energy. 24 samples of 6 different thicknesses and 4 different annealing temperatures 
were prepared on two different random copolymer brushes LrCP and PrCP. SEM images of 
nanoporous PS mask on LrCP and PrCP are collected in the working matrices in tables 4.1.3 
and 4.1.4, respectively. In the SEM images vertical holes are surrounded by a bright white rim, 
because more SE escape from there due to the edge blossom effect. Thus on lower 
magnification images regions with “standing” cylinders are white and can be distinguished 
from darker regions of “lying” cylinders.  
On all SEM images both “standing” and “lying” cylinders are present. Annealing at 180°C, 
200°C and 225°C gives similar results for all samples and masks have roughly the same 
percentage of “standing” cylinders. Annealing at 235°C clearly favors “lying” cylinders. For 
example, the vast majority of the cylinders lay parallel to the substrate to the substrate for the 
sample prepared on LrCP at 2000 rpm and annealed at 235°C; “standing” cylinders form small 
groups of 1-9 hundreds of nanometers far apart from each other.   
For the thickest samples on both random brushed, i.e the samples spin-cast at 1000 rpm, 
annealing at the highest temperature leads to mild dewetting and formation of a mesostructured 
of isles on the surface (fig. 4.1.1). Isles have the same height of 17 nm. The difference in film 
thickness affects cylinder orientation in the film. The SEM image in table 4.1.4 for 1000 rpm, 
235°C shows two of the isles. It is clearly seen, that in the centers of the isles and between them 
the percentage of “lying” cylinders is larger than in the vicinities of isles borders. Films became 
uneven in two more cases (PrCP, 5000 rpm, 235°C and PrCP, 1000 rpm, 200°C). Thicker areas 
consist mainly of standing cylinders, thinner areas can bear lying cylinders (PrCP, 1000 rpm, 
200°C ) or be unstructured (PrCP, 5000 rpm, 235°C). 
Fig. 4.1.1. Dewetting. AFM image of uneven after annealing at 235°C film. All isles are 
17 nm high. Initial film thickness 40 nm. Scale bar is 5 µm. 
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rpm 180°C 200°C 225°C 235°C 
1
0
0
0
2
0
0
0
2
5
0
0
3
0
0
0
4
0
0
0
5
0
0
0
Table 4.1.3. Work matrix showing SEM images of nanoporous PS masks on LrCP for 
different fabrication conditions. Columns differ in annealing temperature, rows – in 
rotational speed at spin-casting. All scale bars are 200 nm. Best conditions marked with 
yellow. 
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rpm 180°C 200°C 225°C 235°C 
1
0
0
0
2
0
0
0
2
5
0
0
3
0
0
0
4
0
0
0
5
0
0
0
Table 4.1.4. Work matrix showing SEM images of nanoporous PS masks on PrCP for 
different fabrication conditions. Columns differ in annealing temperature, rows – in 
rotational speed at spin-casting. All scale bars are 200 nm. 
53 
Although the optimal film thickness reported in ref. [69] is 30-35 nm, in our experiments the 
highest percentage of standing cylinders (~70%) was obtained for the slowest rotational speed 
yielding the film thickest of ~40 nm. This thickness is close to 39 nm, which is center to center 
distance between the PMMA cylinders in the BCP. Because our results were far from these 
described in the article, it was decided to go investigate the effect of film thickness on the 
morphology. Films deposited from a 0.4 w% solution of PS-b-PMMA in toluene were 15-20 
nm thick and demonstrated strong dewetting behavior (fig. 4.1.2 a). Most of the wafer was 
covered with the thin unstructured layer and phase-separated structure appeared only around 
the islands with larger thickness. Films, prepared by spin-casting of a 1.1w% solution of BCP 
in toluene, had thicknesses 45-50 nm. The film became uneven after annealing. It formed 
numerous oval holes 1-2 µm size and 10-14 nm deep. The alignment of cylinders was worse 
than for the films cast from the 0.8w% solution. 
a)  b) 
Fig. 4.1.2. SEM image of a) dewetting on film 0.4w%, casted on LrCP at 2000 rpm, 
annealed at 200°C. b) Microphase separation in 1.1w%, 2000 rpm, LrCP, 200°C. Both 
scale bars are 400 nm. 
Additional cleaning to ensure chemical uniformity of the substrate prior to random brush 
grafting with both oxygen plasma and piranha did not improve the results.  
At last we investigated the effect of composition of polymer brush on the final morphology. 
Two other articles, [101] and [68], report that the styrene content in the random brush should 
be increased in order to obtain “standing” cylinder orientation in PS-b-PMMA film. According 
to ref. [101], the fraction of PS should be more than 59mol% for OH-terminated PS-r-PMMA 
in order to orient all cylinders perpendicular to the substrate. For HEMA containing random 
copolymer , the fraction of PS should be more than 62mol%. This data is in agreement with ref. 
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[68], where the random copolymer brush had 70% of PS. For comparison, our random 
copolymers contained only 55mol% styrene, and this discrepancy could have been the reason 
for the imperfect out-of-plane cylinder orientation we had experienced in the previous 
experiments. 
The average brush composition was tuned by adding controlled amounts of OH-terminated 
polystyrene (Mn = 15000) to the random copolymer solution. The brush was layer prepared by 
spin-coating of solutions of LrCP mixed with PS-OH in the following weight proportions: 7:2, 
7:4, 7:7, and only PS-OH. The resulting molar percentages of styrene in the mixed brushes 
were 65%, 71%, 77% and 100%. SEM images of the obtained nanoporous PS masks prepared 
on the new brush mixtures are collected in table 4.1.5. The best nanoporous masks are 
highlighted with yellow background. The percentage of standing cylinders in these masks is 
~80%, which is clearly an improvement relative to the results obtained with the brushed 
containing 55mol% PS. 
PS mol% 0.8w%, 1500, 180°C 1.1.w%, 4000, 180°C 
65 
71 
77 
100 
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Table 4.1.5. Nanoporous PS masks obtained by self-assembly of PS-b-PMMA on brushes 
with increasing molar fraction of PS. 
Probably wrong concentration of PS in the random brush did not allow us to orient all the 
cylinders perpendicular to the surface. Since optimization of PS content would require 
additional random copolymer synthesis, which is time consuming, it was decided to finish this 
activity by pattern transfer to silicon without further improvement of the mask quality.   
4.2. Transfer of the pattern to silicon 
Pattern was transferred in ICP Metal Etcher by applying the Bosh recipe for silicon etch. 
Silicon etching speed for this recipe is ~0.8 nm/s. The pores of the mask don’t reach the silicon 
surface: there is random brush between the nanoporous PS mask and silicon, as well as possible 
rests of PMMA inside the pores. The pattern can be transferred by one-step silicon etching, 
because this recipe etches both silicon and polymer mask. Mask etching by this recipe is more 
isotropic and slower than that of the silicon.  
Results of pattern transfer from masks with high percentage of standing cylinders (LrCP, 
0.8w%, 1000 rpm, 180°C) by one-step silicon etch are shown in table 4.2.1. The first column 
contains time of etching, the second shows SEM images of the surface after the mask residues 
were completely removed by high-energy oxygen plasma cleaning. Replicas of standing 
cylinder appeared first after ~50 seconds of etching.  This is time necessary to etch through the 
thinnest parts of the random brush to silicon. Holes in the silicon substrate became deeper with 
increased etching time and more holes appeared in the places where the residual layer was 
thicker. Most of the holes were transferred to the substrate after 110 seconds of etching. The 60 
seconds of etching time lapse from the first appearance of transferred holes to final transfer is 
caused by uneven thickness of the residual polymer layer. In one-step etching the optimal 
pattern consisting of both holes and lines appeared after 130 seconds of etching.  
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Mask 
50s 
70s 
90s 
110s 
130s 
 
Table 4.2.1. Initial PS mask and pattern on silicon for different etching times. All scale bars 
are 200 nm. 
Mild oxygen plasma treatment in order to etch random brush and clean pores can be performed 
prior to silicon etch. Oxygen plasma cleans and enlarges the pores. Since it does not etch 
silicon, this treatment reduces the difference in thickness of the residual layer. 10 seconds of 
oxygen plasma treatment improves the quality of the transferred pattern and reduces the 
optimal time of silicon etching by 50 seconds, as illustrated in table 4.2.2. 
Mask 
60s 
80s 
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100s 
120s 
140s 
 
Table 4.2.2. Initial PS mask and pattern on silicon for different etching times. Prior to silicon 
etch 10 seconds of mild oxygen plasma etching was applied. All scale bars are 200 nm. 
With reference to table 4.3.1 and table 4.3.2 we can conclude that pattern transfer to silicon 
evolves through the following steps with increasing etching time: 
1) At short etching times no pattern is observed, plasma etches through the random brush
and the remaining PMMA;
2) The first holes start to emerge under the deepest and cleanest pores;
3) The plasma etches through the thicker residual layer and more holes appear;
4) Projections of lying cylinders start to emerge;
5) Shallow patterns from “lying” cylinders are destroyed first, while the round holes
expand;
6) The lines completely smoothen and the round holes merge;
7) The whole pattern smoothens.
Fig. 4.2.1 shows top-down view and a cross-section of the nanopatterned silicon at the optimal 
etching conditions, i.e. at 10 second of oxygen plasma treatment followed by 80s silicon 
etching. (top) cross-section was made (Fig. 4.2.1 bottom). The wafer was broken in two and 
one of the pieces was fixed in a 90° holder for SEM. Holes on the cross-section have different 
depths and widths. Holes transferred from lying cylinders are shallow and long in the cross-
section. Holes transferred from standing cylinders are deep. If the crack crosses the center of a 
deep hole, its width on cross-section will be largest and equal to the hole diameter. If the crack 
goes off center, the hole in the cross-section will be narrower. From the SEM image the depth 
of holes was measured to be ~35 nm. That depth can be obtained in ~45 second of silicon 
etching with the speed 0.8 nm/s. That means, 35 seconds of total 80 seconds of silicon etch 
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were spent on etching through the mask. The total time of silicon etch could be reduced by 
increasing time of oxygen plasma treatment.  
Fig. 4.2.1. SEM images of optimized pattern transfer: top-down view (top) and 90° cross-
section view (bottom). Both scale bars are 200 nm. The estimated holes depth is ~35 nm. 
4.3. Summary 
Conventional lithography requires lots of optimization, even though the optimal conditions are known 
from the literature. Seemingly the procedure is not robust enough to reproduce in another laboratory by 
following the reported recipe. For PS-b-PMMA, the highest achieved percentage of “standing” 
cylinders was ~80%. Pattern transferred to the silicon consists of deep holes with an aspect ratio close 
to 1, formed under the standing cylinders and shallow lines, formed under the “lying” cylinders.   
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5. Silicon nanopatterning through ex-situ fabricated polymer mask
As described in the previous chapter, the conventional BCP lithography method requires fine 
tuning of multiple parameters even if recipe is known from literature. Therefor the fabrication 
of masks “ex-situ” from pre-aligned polymer monoliths is very attractive: 
1) In the case of HEX block copolymers all cylinders can be oriented in the same direction.
2) The pattern has single-domain crystalline order on hundreds of microns scale, which is
nearly impossible to achieve by conventional method without graphoepitaxy. 
3) The mask is absolutely surface-independent.
4) Transfer of patterns from morphologies that don’t exist in thin film (elliptical, gyroid)
become possible. 
However the microtome-based method for mask fabrication has drawbacks of its own: 
1) The thickness may not be completely uniform due to “wavy” patterns caused by
compression and steps caused by external vibration during the slicing process. Mask surface 
has scratches made by polymer dust accumulated on the knife edge. These non-uniformities 
disturb the adhesion of mask to substrate, and ultimately the quality of pattern transfer.  
2) Masks form wrinkles and ripples at the deposition step, which limits the size of wholly
patterned areas to ~50x50 µm2. 
3) The method is not scalable. The maximum section size recommended for ultra-sonic
knife is 500 µm. 
4) Complete removal of the mask can be difficult, which is also a common difficulty for
spin-cast masks. 
These aspects of the new method are discussed in the remaining of this chapter and in 
appendix 1.  
5.1. Hexagonally packed cylinder morphology 
Results of pattern transfer from mask cut off HEX monoliths were published in Langmuir (See 
attached article in appendix 1). Only a short summary is given in this subchapter. 
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Monoliths with hexagonally packed cylinder morphology (table 5.1.1. top row) can provide 
different masks depending on the mutual orientation of cutting plane and monolith’s structure. 
The orientation of cutting plane can be determined by two angles: the angle relative to the 
cylinders axis (normal to the front fringe of cube) and the angle relative to one set of principal 
planes (top fringe of the cube). The values of the corresponding two angles for three different 
cuts are listed in the second row of the table. Nanoporous masks for lithography (4th row in 
table 5.1.1) were prepared at these three cutting plane orientations and etching conditions were 
optimized for each case. Final patterns transferred to silicon are presented in the last row of the 
table.  
3D model 
Cutting 
angles 90°, 90° 45°, 90° 0, 80° 
50 nm 
thick cross-
section 
SEM 
mask, 
200 nm 
scale bars 
Pattern on 
silicon, 
SEM, 
200 nm 
scale bars 
          HEX        Moirè Elliptical Lines 
Table. 5.1.1. Summarizing table for possible patterns on silicon transferred from HEX 
nanoporous monolith. Red lines on the 3D models are intercepts of the cutting planes with 
faces of the structural cube.  
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Cutting perpendicular to the cylinders axis gives nanoporous masks with channels 
perpendicular relative to the substrate. The pattern on the mask is hexagonally packed round 
holes. Imperfect contact between the mask and substrate caused by mask roughness lead to 
strong undercut during etching. A root-mean-square (r.m.s.) roughness of 0.9 nm was measured 
by AFM on 2x2 µm2 sample area (fig. 5.1.1), the same for both the nanoporous mask and the 
nanostructured silicon. The AFM profiles clearly show that main contribution to the roughness 
is made by structures with sizes larger than the period of microphase separation. Thus the 
pattern transferred to silicon is the overlap between the HEX pattern and a chaotic structure 
with characteristic length scale of ~ 100 nm. This overlap gives rise to different shades of 
background visible in the SEM image at the bottom-left corner of table 5.1.1.   
a) b)
Fig. 5.1.1. AFM images of a) nanoporous mask and b) nanostructured silicon with the 
corresponding AFM profiles along the shown lines. 200 nm scale bars. 
Optimization of black silicon etch recipe failed for transfer of HEX pattern. During the etching, 
holes appear in random places, rapidly become larger than the period of HEX structure and 
merge. Picture of the randomly placed large holes showed in the fig. 5.1.2.  
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Fig. 5.1.2. Silicon surface for 20 s Ar/O2, followed by 10 s of black silicon etching. 2 µm 
scale bar. 
In the case of two superimposed HEX masks moiré patterns can be formed. The dual structure 
from such pattern is transferred to silicon as shown in the bottom row of the Tab. 5.1.1. The 
small HEX pattern of the ground period (period of original polymer mask) is visible inside a 
larger HEX moiré structure. The formation of moiré patterns requires crystalline-like order of 
the superimposed masks, which was rendered possible by the effectiveness of the shear-
alignment. The large moiré structure period is formed by undercut etching. If there were no 
undercut, moiré pattern would look like groups of hexagonally arranged holes separated by the 
intact silicon surface, as ideally illustrated in fig. 5.1.3.  
a) b) c)
Fig. 5.1.3. Ideal moiré patterns in the case of complete absence of undercut for 
superimposition of two HEX lattices rotated by 30° (a), 14° (b) and 6° (c).   
Other patterns were obtained by decreasing the angle of the cutting plane relative to cylinder 
axis. In this case pores are tilted relative to the substrate. The HEX pattern will become 
distorted and round pores will be stretched into ellipses in the direction determined by the angle 
63 
between the cutting plane and the top fringe of the cube (fig. 5.1.4). The pattern transferred to 
silicon is not only a projection of elliptical holes of the mask but depends on the whole 3D 
structure.  
For small angle decrease change of the pattern is minor. For example, for slicing at 70° relative 
to the cylinder axis (20° decrease), the period stretches from 23 nm to 24,5 nm and elliptical 
shape of pores on the mask is not clearly seen. In order to get patterns that are clearly different 
from HEX, the cutting was performed at 45° relative to the cylinder axis (second column of 
table 5.1.1). Holes on the nanoporous mask are clearly elliptical in SEM and channels are 
oriented at 45° relative to the substrate. The pattern was transferred by applying twice longer 
silicon etching time than for the 90° cut. A slit-like pattern was transferred to the silicon 
substrate. The necessity to etch the mask material during pattern transfer caused a lower 
contrast of the transferred pattern. 
Fig. 5.1.4. Illustration of the influence of the second cutting angle (angle between the cutting 
plane and the cube top fringe) on the relative pore orientation in a 30 nm thick mask. The 
value of the first angle (i.e. the angle relative to the cylinder axis) is 45° for all the 
projections. 
With further decrease of the cutting angle ellipses start to merge into lines. Cutting parallel to 
the cylinder axis gives masks with cylinders parallel to the substrate. Since the thinnest masks 
obtained by microtome were 30 nm thick, the mask is always multilayer (at least 1.5 layer). 
This decreases etching contrast even more and the transferred line pattern is very unclear. 
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5.2. Gyroid morphology 
The gyroid polymer monolith was prepared from block copolymer BD40 with weight 
composition of PB:PDMS 49.5:50.5. It has lamellar morphology at room temperature, but at 
110°C it transits to gyroid morphology. After the sample was heated up to 140°C and cross-
linked, a multidomain structure of differently oriented grains with gyroid morphology was 
obtained. Pieces of gyroid polymer were etched by TBAF in THF. Nanoporous gyroid 
monoliths were sliced with ultra-sonic knife at room temperature. Different gyroid projections 
were observed in SEM after slicing (fig. 5.2.1). The most common one is knitting-pattern 
projection (top right). Grain sizes are in the range of 2-8 µm.  
Fig. 5.2.1. Different gyroid projections in SEM. All scale bars are 200 nm. 
Because grains have different orientation and channels are not perpendicular to the surface, 
etching through mask is required. This complicates the situation in comparison to the HEX 
cylindrical case, where all channels were perpendicular to the substrate and all holes were 
equivalent. The necessity to etch through the mask makes the process strongly thickness-
dependent. Etching times, optimal for one grain, are not optimal for the other. This difference 
in etching time can be redused by thinning the mask with anisotropic oxygen plasma etching of 
the mask. A typical pattern transfer procedure includes first a “mask-thinning” step with 
anisotropic etching by O2/Ar plasma, followed by anisotropic/or isotropic silicon etch and a 
final mask removal by long oxygen plasma cleaning. Patterns transferred to the silicon surface 
can be observed in SEM. Results of black silicon etching (fig. 5.2.2) clearly show difference in 
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the degree of nanostructuring for different grains of the same mask. Light grey areas are the 
most etched. They coexist with dark grey areas, where silicon was not etched at all or just some 
single holes were transferred to the surface.  
Fig. 5.2.2. Etched silicon surface after the gyroid nPB mask removal. Different shades of 
grey correspond to different etching degree for different grains. 10 µm scale bar. (30 s 
O2/Ar + 9 s black silicon etch) 
Alternatively isotropic silicon etching can be performed for pattern transfer. Figure 5.2.3 shows 
etched silicon surface after 32 seconds of isotropic silicon etching. At low resolution SEM all 
grains show large period wavy patterns. The mechanism of formation of these waves is 
illustrated in fig. 5.2.4. Knitting-pattern is the most common on the surface of microtomed 
gyroid flakes, and assuming complete random orientation of the grains, we can say that in mask 
cross-section knitting patterns also will be the most common. We can imagine a ~40 nm thick 
mask (fig. 5.2.4) where stripes of loops and wavy lines of the knitting pattern are at an angle of 
6° relative to the substrate plane. In this case repeating elements in the perpendicular projection 
are half-micron apart from each other. These equivalent points are marked with arrows. Thus 
the origin of the large period of ~0.5 µm after the etching can be explained. 
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Fig. 5.2.3. Grains footprints after long isotropic etching (6 s O2/Ar + 32 s isotropic 
silicon etch). 1 µm scale bar. 
Fig. 5.2.4. Possible cross-section of a ~40 nm thick GYR mask. Arrows mark repeating 
elements, which originate the large wavy patterns in fig. 5.2.3. 200 nm scale bar. 
The biggest problem with the gyroid morphology is that etching cannot be perfect even for a 
single small grain. Some unstable periodic patterns transferred from gyroid are shown in fig. 
5.2.5. They are: straight lines of merging holes, a honeycomb structure and a wavy structure. 
Patterns look non uniform: holes merge in some regions and do not in others. 0.5-1 nm 
roughness of the mask is enough to produce this non-uniformity. Longer time black silicon 
etching quickly destroys the patterns. This makes these structures too difficult to capture and 
reproduce. 
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 Fig. 5.2.5. Unstable patterns on silicon from a gyroid mask. Etching is difficult to 
optimize even for one grain: some parts are more etched than others. 200nm scale bars. 
(10 s O2/Ar + 15 s black silicon etch) 
SEM images of stable patterns are shown in fig. 5.2.6. For isotropic silicon etching a HEX hole 
pattern (36 nm period from FFT) is superimposed with a larger period of wavy pattern. 
Isotropic etch slowly destroys the pattern and can tolerate over-etching. Thus all holes can be 
transferred, since holes etched earlier do not become destroyed by over-etching. Time of over-
etching affects the amplitude of the waves of the larger pattern. For black silicon etching, over-
etching quickly destroys the patterns. Metastable structures were obtained on the border 
conditions, where some parts are slightly underetched, some are slightly overetched. The stable 
pattern for black silicon etching is an underetched one. The pattern is formed after a short etch 
through a very thin mask. In this case the structure looks chaotic, because only a fraction of the 
holes is transferred, but FFT reveals the presence of a hexagonal structure and of parallel lines.  
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Fig. 5.2.6. Stable patterns on isotropically (top) and anisotropically (bottom) etched silicon 
with the respective FFT. Patterns are obtained by 6s O2/Ar + 32 s isotropic silicon etch and 
30 s O2/Ar + 9 s black silicon etch. The presence of HEX pattern is clear from FFT for both 
patterns. 200 nm scale bars. 
5.3. Lamellar morphology 
Few experiments are performed to investigate the suitability of lamellar morphology from PB-
b-PDMS for microtome mask preparation. Microtoming of lamellar block copolymers can give 
lined masks with tunable period. If the polymer monolith is sliced perpendicular to the lamellae 
planes, masks with minimal period will be obtained. By changing the cutting angle, the period 
of the structure can be increased. The problem with lamellar polymer is its instability after 
etching. The fraction of PDMS is very high and shear aligned lamellar bulk samples collapse 
after the PMDS etch. Possibly if the aligned domains are smaller, then the layers could be 
stabilized by domain borders.     
Lamellar polymer BD8, with a weight ratio PB:PDMS of 51.5:48.5 and a total molecular mass 
of 15500 g/mol was used in the experiments. Monoliths with two different alignment degrees 
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were prepared: either unaligned or aligned by only one forth and back cycle of the shearing 
glasses. One piece from each monolith was etched by TBAF in THF for 72 hours. After etching 
the samples were washed with THF and ethanol in order to remove TBAF and etching 
products. Optical images of the unaligned sample are shown in fig. 5.3.1. The block copolymer 
pieces are soft and semitransparent. The etched sample shrank and became white and rigid. The 
thickness of the original sample measured with the calipers was ~0.95 mm, but after etching it 
became ~0.65 mm.  
Fig. 5.3.1. Photographs of unaligned lamellar samples before and after the wet etching. 
All 4 samples were microtomed. During slicing, sections of both etched and unecthed samples 
were unstable for thicknesses smaller than ~200 nm. Sections thinner than 200 nm disintegrated 
during slicing into many tiny pieces. An example of a section close to disintegrating is shown 
in fig. 5.3.2. This is a section of unaligned unetched sample. Small parts of the section at its 
edges are falling off. Disintegration happens for both etched and unetched samples. That means 
that at that scale non cross-linked PDMS holds the structure together only slightly better than 
nothing. 
a) b)  c)
Fig. 5.3.2. a) Optical image of a lamellar unaligned and unetched BCP section. The AFM 
image in (b) is taken from the highlighted part in (a), topographical profile in (c) is taken 
along the red line. Scale bars are 100 µm for the optical image and 20 µm for the AFM 
image. 
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SEM images of small polymer pieces from etched samples are shown in fig. 5.3.3. Sizes of 
these pieces are few microns. Structures of collapsed lamellae, unevenly stuck together were 
observed (fig. 5.3.3 a). Although it was expected that domain borders could hold lamellae 
together, this actually did not work and small single-lamellar pieces exfoliated and lying 
separately on the surface (fig. 5.3.3 b). Lined nanostructure can be found in some places (fig. 
5.3.3 c) shrank to period of 14 nm.  
a) b)  c) 
Fig. 5.3.3. SEM images of etched unaligned lamellar samples. a) Collapsed lamellae; b) 
separate exfoliated lamellae; c) collapsed nanostructure with a period of ~14 nm. 
5.4. Summary 
We have proved that pattern can be transferred to silicon substrate from microtomed masks. 
Polymers with hexagonal morphology in the bulk can be aligned by shear and provide masks 
with crystalline order on hundreds of micron scale. Masks cut off at 90° relative to the cylinder 
axis consist of pattern of hexagonally packed round holes. Highly ordered nanomesh was 
transferred from such masks to silicon. In the case of two superimposed masks moiré patterns 
were transferred for the first time. By cutting at 45° relative to the cylinder axis slit-like 
patterns were transferred to silicon. Low quality line patterns were transferred to silicon from 
masks cut parallel to the cylinder axis.  
For polymer monoliths of gyroid morphology the typical size of grains with the same structure 
orientation was ~ 2 µm. It was not possible to optimize etching conditions that could allow 
pattern transfer from the whole gyroid mask. Low-quality hexagonal patterns were transferred 
to silicon.  
Lithography masks cannot be prepared from lamellar polymer by microtoming. Sections 
thinner than 200 nm disintegrate during slicing.  
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6. Graphene superlattices
After the HEX pattern was successfully transferred to silicon, time come to nanostructure 
graphene and measure the effect of nanostructuring on graphene’s electrical properties. For 
electrical measurements the back-gate devices were fabricated by clean deposition of stencil 
contacts on top of nanostructured graphene flakes.  
6.1. Patterning and mask removal procedure 
The procedure for the graphene nanopatterning is essentially the same as the one applied for 
silicon nanopatterning.  The nanoporous masks were cut off the same nanoporous monolith. 
The main difference is in the mask removal procedure. Now mask removal by oxygen plasma 
is not applicable, because it would remove the mask together with the graphene. An alternative 
tape method was used instead: the whole sample is covered with a tape, which is pressed onto 
the surface and then slowly pulled off together with the polymer mask. Seemingly graphene is 
more strongly attached to the substrate than to the mask, and the nanostructured graphene flake 
remains on the substrate. 
Figure 6.1.1. Work-flow of the nanolithographic process for graphene 
nanostructuring. (1) 1,2-PB-b-PDMS with random domain orientation is shear-aligned 
and cross-linked to fix the structure. (2) PDMS is selectively etched to get nPB. (3) 
The nPB monolith is microtomed at room temperature. Sections are transferred onto a 
wafer fully covered with CVD graphene. (4) Graphene etching by RIE, which 
transfers the pattern to the graphene under the mask and uniformly etches the graphene 
outside of the mask. (5) Mask removal by a tape. 
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6.2. Graphene nanomesh 
The highest-quality graphene is still obtained by mechanical exfoliation. This method, also 
called adhesive tape method, consists of repeating peeling of small mesas of highly oriented 
pyrolytic graphite. The method is very time-consuming and the resulting single-layer graphene 
flakes are commonly only ~10-30 µm in sizes. Because addressability of microtomed masks 
deposition is still poor, a substrate fully covered with graphene is desirable. In this case all 
deposited masks will have graphene underneath. Commercial single-layer wafer-scale graphene 
obtained by chemical vapor deposition (CVD) was used [102]. CVD graphene films have 
polycrystalline structure and bilayer regions. Compared to mechanically exfoliated graphene, 
the mobility of charge carriers in CVD graphene is lower, impurity doping is greater and it 
exhibits higher asymmetry between electron and hole conduction [103].   
A wafer fully covered with CVD graphene was ordered from the Spanish company Grahenea. 
The wafer has a 300 nm thick silicon oxide layer necessary to make graphene clearly visible on 
silicon [104]. The presence of oxide layer renders the silicon wafer purple-blue (fig. 6.2.1 a, b) 
and the color of the polymer masks is determined by the sum of OPD in the two layers: mask 
and oxide. Now the colors of the polymer masks pass through blue-green-yellow for 
thicknesses in the range of 40-100 nm, instead of beige-purple-blue for masks deposited on 
wafers with 2 nm oxide layer. 
An optical image of polymer mask deposited on graphene is shown in fig. 6.2.1 a. The mask 
has an approximate size of 300x100 µm2, within which smooth wrinkle-free regions of sizes 
~50x50 µm2 can be found. After one-step etching with highly-anisotropic oxygen/argon plasma 
the mask was removed by tape and graphene is clearly visible on the substrate as a dark flake 
with the shape of the original mask (fig 6.2.1 b). Some parts of the mask could not be 
stripped (green and yellow colors in fig. 6.2.1 b), and changed color because of attached tape 
residues. The tape also contaminated the area around the mask: the optical image shows 
appearance of blue patches in the bottom-left corner. At this stage graphene can be inspected 
by common characterization methods like SEM and AFM.
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a)   b)    c) 
d)  e)
f)  g) 
Fig. 6.2.1. Images of nPB flake on graphene. a) Optical image of nPB mask on graphene; b) 
optical image of graphene flake after the etching and mask removal by tape; c) SEM image 
of graphene flake; Scale bars 100 µm; Raman spectra in box 1 (d) and box 2 (e), f) High-
resolution graphene nanomesh in SEM and g) AFM image. (f-g) have 100 nm scale bars; 
The low-resolution SEM image shows (fig.6.2.1 c) a detailed map of patterning of the graphene 
flake. Patches of remaining polymer mask are black in SEM. The exposed graphene has two 
colors: light gray as in box 1, and dark grey as in box 2. Nanostructured graphene was observed 
by SEM in the darker graphene regions. In the lighter grey regions no nanopatterns were 
detected by SEM. Raman spectra of the light and dark are shown in fig. 6.2.1. (d-e) 
respectively. The defect D peak at ~1350 cm-1 is significant only for the dark areas. This 
finding is plausible since the light areas were covered by wrinkled portions of the mask, which 
hinder pattern transfer. High-resolution SEM (fig. 6.2.1. f) shows a nanomesh with period of 20 
nm and all holes of equal size of ~14 nm. Imaging by AFM shown in fig. 6.2.1 g confirms the 
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formation of a regular hexagonal graphene nanomesh. The period of the hexagonal structure in 
fig. 6.2.1 f,g coincides with that of the original nanoporous mask.  
A back-gated device was fabricated for electrical measurements. After sample annealing in 
order to remove as much of remaining contaminants as possible, stencil contacts (2/50nm 
Cr/Au) were deposited on top of the graphene flake (fig. 6.2.2. a). A Raman map of the 
patterned part of the flake (map taken in the red box and dots shown in fig. 6.2.2.a) shows an 
increased D peak (fig. 6.2.2. b) and a decreased 2D to G intensity ratio (fig. 6.2.2. c) due to 
nanopatterning. Silver paint was used to create larger contacts for graphene resistance 
measurements. The device conductance vs. gate bias was measured at different temperatures as 
shown in fig. 6.2.2 d. The temperature dependence of the resistance can show whether charge 
carriers in graphene are hopping between subgap impurity states or whether they are thermally 
excited between valence and conduction bands over the energy gap Δ. In hopping regime the 
temperature dependence of conductivity in 2D systems is described by [105]:   
𝜎𝜎 =  𝜎𝜎0𝑒𝑒−(𝑇𝑇0𝑇𝑇 )𝑛𝑛 , where 
n=1 for nearest neighbor hopping;  
n=1/3 for two-dimensional Mott variable range hopping; 
n= ½ for Efros−Shklovskii variable range hopping in the presence of Coulomb interaction 
between localized states; 
T0 is the activation energy of hopping. 
Then 
𝑙𝑙𝑐𝑐𝑙𝑙 𝜎𝜎 = 𝑙𝑙𝑐𝑐𝑙𝑙 𝜎𝜎0 − (𝑇𝑇0𝑇𝑇 )𝑛𝑛; 
Thermally activated electrical current in intrinsic semiconductors is described by 
𝜎𝜎 =  𝜎𝜎0𝑒𝑒− ∆2𝑘𝑘𝑇𝑇, 
That can be transformed to: 
𝑙𝑙𝑐𝑐𝑙𝑙 𝜎𝜎 = 𝑙𝑙𝑐𝑐𝑙𝑙𝜎𝜎0 − ∆2𝑘𝑘𝑇𝑇, 
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If log of conductance depends linearly on (1/T), then Δ is the only fitting parameter for the 
slope; Δ is in such case an indication of what could be an energy gap. The results of 
measurements from our sample are shown in fig. 6.2.2 e. The logarithm of the conductance is 
linearly dependent on 1/T with a strong correlation (coefficient R2 = 0.996). Therefor the 
nanostructured graphene can be considered as a thermally activated intrinsic semiconductor 
with a ~20 meV bandgap.  
a)  b) c)
Fig. 6.2.2. a) Optical microscope image of graphene flake with stencil contacts; Red box 
indicates the place where Raman map was taken; (b-c) Raman map of graphene device for 
2D/G and D/G intensity ratios; d) measured conductance vs. gate voltage plot at different 
temperatures and e) extracted bandgap. Red crosses- experimental data, black line is the 1st 
order linear fitting of the data.  
However, the temperature-dependent conductance of nanoconstricted graphene is more 
complex than that of an intrinsic semiconductor. Multiple phenomena were studied both 
theoretically and experimentally to evaluate their influence on the electrical transport in 
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graphene nanoribbons and nanomeshes, comprising Anderson localization due to edge disorder 
[106], density inhomogeneity driven percolation transition [107] and Coulomb blockage [108]. 
Edge disorder causes formation of “necks” (fig. 6.2.3.), where the number of conducting 
channels is smaller than in the “dots”, leading to electrical isolation of dots and confinement of 
electrons in the dots. Similar role can be played by any imperfections on the silicon-graphene 
interface. Close to CNP, this disorder-induced confinement leads to formation of “puddles” of 
electrons or holes and the electric transport in graphene nanoribbons is dominated by a chain of 
disorder-induced quantum dots with cotunneling between conductance resonances at low 
temperatures and activated transport at higher temperatures [109]. 
Fig. 6.2.3. Illustration of formation of dots and necks in a graphene nanoribbon due to edge 
disorder. 
In order to understand the type of mechanisms contributing in formation of the measured 20 
meV gap in our graphene nanomesh, additional meticulous experimental characterization is 
required. 
6.3. Graphene on pillars 
Another way to open bandgap, as was mentioned in the introduction, is to create strain 
superlattices of graphene. For this purpose CVD graphene was transferred on top of a dense 
array of nanopillars.  
Dense arrays of pillars were prepared from the BCP microtomed sections. The same PB-b-
PDMS monolith was not etched prior to slicing and sections deposited on the silicon wafer 
contained both blocks. Then instead of etching PMDS, a mild oxygen plasma treatment was 
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performed. It removes PB and oxidizes PDMS into hard PDMS-oxide. As a result, smooth 
polymer sections were transformed into arrays of cylinders of ox-PDMS.  
Trivial Transfer Graphene (TTG) was ordered from http://acsmaterial.com. In the box (fig. 
6.3.1) ca. 1x1 cm2 square graphene piece is lying on a soft fabric support. Graphene has a thin 
layer of PMMA on top. With the help of tweezers and a sharp knife small pieces (~3 mm x 3 
mm) can be teared off the large square. 
a)   b)  
Fig. 6.3.1. Commerscally available TTG sample. a) box; b) sample of graphene inside. 
A small graphene piece covered with a PMMA layer, adhering to the knife was carefully 
brought in contact with a water droplet on the desired substrate, the array of nanopillars. The 
graphene flake was much larger than the size of individual BCP sections, so one graphene piece 
could cover completely several nanopillar arrays and the surrounding silicon wafer.   
 
Fig. 6.3.2. Deposition of TTG on a nanopillar array: (1) Microtomed PB-b-PDMS exposed 
to oxygen plasma for PB etch; (2) Water droplet put on top of the sample; (3) TTG piece 
transferred with a pair of tweezers on top of the water droplet. (4) Water is partly soaked by 
a tissue paper followed by baking for 30 min at 90°C; (5) Sample is immersed in acetone, 2 
times for 5 min to dissolve PMMA.  
Nanopillar arrays were fabricated on top of a silicon wafer with thin (2 nm) natural oxide layer. 
Then TTG was deposited on top of the array completely covering it. Graphene is poorly visible 
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in optical microscope (fig. 6.3.3 a) and only black dots of undissolved PMMA contamination 
allow to recognize the part of substrate covered with graphene.   
a)    b)  
c)  d) 
e)    f) 
Fig. 6.3.3. a) Optical image of graphene covering BCP nanopillar array; b) SEM image of 
the same nanopillar array covered with graphene, (a-b) Scale bars are 100 µm; c) AFM 
image of the nanopillars  and d) nanopillars covered with graphene; e) SEM image of 
nanopillars and f) nanopillars seen through graphene in SEM, (c-f) 100 nm scale bars. 
In SEM (fig 6.3.3 b) the graphene sheet is clearly visible. To study how graphene is deformed 
by the pillars underneath both AFM (fig 6.3.3. c and d) and SEM (fig 6.3.3. e and f) 
measurements of the bare pillar array (c, e) and pillar array covered with graphene (d, f) were 
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performed. Bare nanopillars are clearly distinguishable in both AFM and SEM. After graphene 
deposition pillars are visible through graphene in SEM. However, the AFM topography image 
does not show the original pillar period. This indicates that graphene is lying mostly flat and 
does not confirm the nanopillar topography. In the top right corner of the AFM image small 
wrinkles are visible. The PMMA layer supporting graphene was very thin and flexible. During 
the deposition it formed multiple ripples and wrinkles, leading to ripples and wrinkles on the 
deposited graphene. Graphene deposited on a flat silicon surface (fig. 6.3.4) is also not flat, 
again forming many wrinkles; white clusters of remaining undissolved PMMA are also visible 
in the image.  
Fig. 6.3.4. SEM image of graphene on flat silicon substrate. 2µm scale bar. 
The results can be compared with results from [110]. In this work Reserbat-Plantey et al. 
deposited graphene on top of silica pillar arrays with variable geometries. They have shown 
that if the distance between the pillars is similar to the pillars height, graphene will collapse and 
ripple. In this work, dense pillar arrays are covered by suspended graphene. This corresponds to 
our case, but the pitch of our structure is 20 times smaller and small ripples affect the resulting 
graphene topography more than the pillars underneath.  
Deposition of TTG onto silicon increases r.m.s. roughness of the surface from 0,4 nm to 2,5 
nm. The r.m.s. variation in pillars top’s heights is directly linked with the r.m.s roughness of the 
polymer section (has value of 0,9 nm). That indicates that contribution of graphene wrinkles 
and ripples to the imperfect contact between TTG and pillars tops is much larger than 
contribution of the pillars tops position variation. Wrinkles on graphene have widths exceed 40 
nm (2 periods of pillar array) and lengths of a hundreds nanometers. Graphene stiffness is also 
wrinkle-dependent [111] and on the scale smaller than the wrinkle size cannot be determined. 
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In conclusion, “Trivial Transfer Graphene” was deposited on top of prepared from PB-b-PDMS 
pillar arrays. Ripples and wrinkles formed during deposition make a larger contribution to 
graphene morphology than the interaction with the nanostructured substrate. Improvements of 
the graphene deposition process are required to deposit graphene flatter. 
6.4. Summary 
Graphene nanomesh of 20 nm period and ~14 nm size holes was successfully fabricated by 
one-step etching through ex-situ prepared nanoporous masks. The nanomesh is highly ordered 
and with all holes of the same size. The mask can be removed by applying an adhesive tape. 
Electrical measurements indicate the presence of an effective gap of 20 meV. Trivial Transfer 
graphene was suspended on top of nanopillar arrays, but its topography was mostly affected by 
wrinkles formed during deposition than by substrate underneath. Improvements of the transfer 
procedure are required in order to make graphene lay flatter.   
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7. Conclusions and outlook
During the PhD study several approaches utilizing self-organizing properties of block 
copolymers were tested for graphene bandgap engineering. Firstly, perspectives of mask 
fabrication from lamellar polymer by wet etching were studied. By this method masks with 
sizes up to 20 µm were proved to be possible to fabricate. 
Conventional block copolymer lithography was tried for creation of a wafer-scale nanomesh on 
graphene. Unfortunately, the procedure reported in high-impact journal, which we followed, 
known from the literature was not robust enough for quick reproduction, or eventually after 
minor optimization. The resulting polymer mask had mixed morphology of cylinders oriented 
perpendicular and parallel relative to the substrate. Pattern transferred to the silicon substrate 
consisted of deep round holes etched under the “standing” cylinders and short shallow lines 
etched under the “lying” cylinders. In the best case we were able to create PS-b-PMMA mask 
with ~80% of standing cylinders. 
The main achievement of the current PhD work is the development of a new microtome-based 
method for nanolithography. The concept was proved by transferring of the pattern to silicon. 
The main advantage of the method is high crystallinity of the pattern due to effectiveness of 
aligning of the bulk polymer by mechanical shear. Unidirectional orientation of cylinders with 
hundreds of microns domain sizes can be obtained by shearing. Numerous patterns were 
transferred to silicon from the masks fabricated by microtoming of porous monoliths with 
hexagonally packed cylinder morphology. Hexagonal pattern was transferred from masks cut 
off perpendicular relative to the cylinder axis. Superimposition of two masks allowed to realize 
the first transfer of moirè patterns to silicon. Slit-like patterns were transferred from masks 
obtained by cutting at 45° relative to the cylinder axis. Cutting parallel to the cylinder axis 
gives multilayer masks that do not provide sufficient etching contrast for clear line pattern 
fabrication. Etching through masks cut off nanoporous monoliths with gyroid morphology lead 
to formation of dual hexagonal and lined patterns on a silicon substrate. Patterns had low 
contrast due to the necessity to etch through the mask material. In addition, gyroid monolith 
consists of grains with different structure orientations, which makes it impossible to optimize 
etching condition for the whole mask. Monolith with lamellar morphology disintegrated during 
slicing and could not be used as lithography mask. 
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The key advantage of ex-situ mask fabrication is the possibility to apply the mask on any 
surface. Ex-situ fabricated hexagonal masks were successfully applied for graphene 
nanopatterning. The masks could be peeled off after the pattern transfer. Graphene nanomesh 
with 20 nm period was fabricated by simple one-step oxygen/argon plasma etching. Electrical 
measurements showed a 20 meV gap opening in the graphene. Block copolymer sections can 
be used for fabrication of dense arrays of hard oxidized PDMS nanopillars. However, the 
topography of graphene deposited on top of these arrays is more affected by the deposition 
method, rather than from the interaction with the pillar tops, and does not indicate presence of 
periodical strain.    
Microtome mask fabrication can be improved in many aspects. Mask deposition on the 
substrate is poorly controlled. After the deposition masks form wrinkles, which limits the area 
useful for pattern transfer.    
More experiments for graphene nanostructuring can be performed. Other etching recipes can be 
tried. By varying etching time, nanomesh neck width can be tuned. The dependence of a gap 
value from the neck width can be studied. Experiments can be repeated on mechanically 
exfoliated graphene. In order to eliminate contaminations, nanopatterning of bilayer graphene 
can be tried. In this case mask will be peeled off together with the top graphene layer, and 
single layer of extremely clean nanopatterned graphene will remain on the substrate. 
Microtomed based method opens up wide perspectives for nanopatterning of other 2D 
materials, like hexagonal boron nitride or molybdenum disulfide. 
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ABSTRACT: We present a conceptually simple approach to
nanolithographic patterning utilizing ex situ fabricated nano-
porous masks from block copolymers. The fabricated block
copolymer (BC) masks show predictable morphology based
on the correlation between BC composition and bulk
properties, independent of substrates’ surface properties. The
masks are prepared by microtoming of prealigned nanoporous
polymer monoliths of hexagonal morphology at controlled
angles; they appear as 30−60 nm thick ﬁlms of typical
dimensions 100 μm × 200 μm. Masks cut perpendicular to the
cylindrical axis show monocrystalline hexagonal packing of 10
nm pores with a principal period of 20 nm. We demonstrate
the transfer of the hexagonal pattern onto silicon by means of reactive ion etching through the masks. In addition, patterns of
elliptic and slit-like holes on silicon are obtained by utilizing masks cut at 45° relative to the cylinder axis. Finally, we demonstrate
the ﬁrst transfer of moire ́ patterns from block copolymer masks to substrate. The nanoporous masks prepared ex situ show
outstanding long-range order and can be applied directly onto any ﬂat substrate, eliminating the need for topographic and
chemical surface modiﬁcation, which are essential prerequisites for the conventional procedure of block copolymer directed self-
assembly. The demonstrated elliptic and moire ́ pattern transfers prove that the proposed ex situ procedure allows us to realize
nanolithographic patterns that are diﬃcult to realize by the conventional approach alone.
■ INTRODUCTION
Block copolymers consist of two or more covalently linked
homopolymers. Microphase separation occurs under thermo-
dynamic conditions of immiscibility between the blocks, and
self-organized structures of diﬀerent morphologies are formed
depending on composition.1,2 Self-assembled block copolymers
are widely used as templates for pattern creation on various
substrates,3−5 which is directly mentioned as a possible route to
next-generation chip fabrication in the International Roadmap
of Semiconductor Technology.6 For a given block copolymer
the “conventional” pattern transfer procedure comprises spin-
casting on pretreated substrates of 20−100 nm thin ﬁlms,
thermal or solvent vapor annealing of the ﬁlm, and selective
plasma etching for pattern transfer to the substrate. Such a
procedure was, for example, applied in ref 7 for high-resolution
nanopatterning of graphene. The method appeared to be quite
straightforward, but in our experience the results proved to be
rather challenging to reproduce. Self-assembling of block
copolymer thin ﬁlms is very much aﬀected by variations of
many parameters, like the interface energy between the
substrate or air and the polymer blocks, ﬁlm thickness and
uniformity, conditions of annealing, presence of structural or
chemical guides for alignment, long-range order and defect
control, and so on.8 Fine-tuning of these parameters is needed
for every change of the polymer or substrate, even in the case of
diﬀerent batches of essentially the same block copolymer. This
tuning comprises substrate preparation, such as priming/
cleaning (often involving use of Piranha or oxygen plasma
and/or repeated rinsing with organic solvents), chemical
modiﬁcation (e.g., by grafting of a brush layer of well controlled
composition that provides a neutral layer for the constituting
polymer blocks9), and annealing conditions (e.g., solvent,10
time,11 temperature, evaporation mode,12 and for more special
annealing forms, the type and intensity of electric ﬁeld13 or
laser14 applied); however, surface modiﬁcation and annealing
do not provide predictable long-range in-plane ordered
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structures. Directed self-assembly (DSA) by graphoepitaxy15
and chemoepitaxy16 were developed to achieve this. In both
methods the substrate is preconﬁgured by guiding patterns,
relief guiding patterns in the case of graphoepitaxy, and
chemical composition guiding patterns in the case of
chemoepitaxy. In-plane shear alignment of BC thin ﬁlms has
also been reported as a means to create long-range order of line
patterns from BC of hexagonal morphology.17
The multilayer structures often created by the mentioned
procedures may impose an increased number of etching steps.
We present a conceptually simple approach to nanolithography,
which renders obsolete all surface modiﬁcation and polymer
annealing steps mentioned above and reduces to a minimum
the number of etching steps required for pattern transfer. The
mask is fabricated separately from the substrate by microtomy,
following a procedure inspired from sample preparation for
transmission electron microscopy (TEM);18 however, the
masks we produce show uniform thickness in areas 3−5 orders
of magnitude larger than typical uniform areas of TEM samples,
as shown in the Results and Discussion section. Scheme 1
shows the work ﬂow of the proposed procedure. The approach
is demonstrated here by using a macroscopic sample of 1,2-
polybutadiene-b-polydimethilsiloxane (PB-b-PDMS) block co-
polymer with cylindrical morphology19 as a precursor material.
First, the structure is aligned by shearing the polymer between
two parallel plates, which gives crystalline-like order for the
bulk of the polymer with principal crystallographic planes
oriented parallel to the plates,20,21 as illustrated in Figure 1.
Then, the 1,2-PB microphase is cross-linked to ﬁx the structure
and the PDMS microphase is selectively degraded.22 The
obtained monolith is a rigid cross-linked polybutadiene
permeated by aligned hexagonally packed cylindrical nanopores
with approximate volume fraction of 30%. Subsequently, the
nanoporous polymer is sliced in a microtome obtaining sheets
(or ﬂakes) 70−300 μm across with thickness in the range of
30−60 nm. The sheets are then transferred directly to the
substrate, here silicon wafer, and pattering performed with
reactive ion etching (RIE). After removal of the mask by a ﬁnal
oxygen plasma treatment,23 isles of nanostructured silicon can
be observed. Alternatively, step 2 can be bypassed and
microtomy directly applied to the cross-linked BC. In the
present report we will follow the workﬂow shown in Scheme 1.
To the best of our knowledge, this is the ﬁrst report on ex
situ fabrication of nanolithographic masks by microtomy of
prealigned block copolymers. We found one report describing
the use of an ex situ anodic aluminum oxide membrane with
pore size of 80 nm and membrane thickness of 1 μm as a
template for fabrication of a graphene nanomesh.24
Scheme 1. Work Flow of the Proposed Nanolithographic Processa
a(1) 1,2-PB-b-PDMS with random domain orientation is shear-aligned and cross-linked to ﬁx the structure. (2) PDMS is selectively etched to get
nanoporous PB (nPB). (3) nPB is sliced in a microtome at room temperature. The ﬂakes suspended in a water droplet captured within a home-made
metallic loop are transferred onto a silicon wafer. (4) Silicon etching by RIE, which transfers the pattern to the substrate under the mask and
uniformly etches the silicon outside of the mask. (5) Mask removal by oxygen plasma. If appropriate, step (2) may be bypassed and the etching
procedure accordingly adapted.
Figure 1. Composed SAXS (left) and SEM (right) images from the shear aligned nanoporous PB-b-PDMS block copolymer samples. The applied
shear direction is along the x axis with shear planes parallel to the xy plane. There are three sets of principal planes for the HEX morphology; one of
the sets is parallel to the shear planes and the other two rotated at 60 and 120° relative to the x axis. A magniﬁed image is shown as inset on the top-
right corner of the yz SEM projection.
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■ EXPERIMENTAL SECTION
A 1,2-polybutadiene-b-polydimethilsiloxane (PB-b-PDMS) block
copolymer of hexagonal morphology, with molecular weight of
17 800 g/mol, polydispersity index of 1.03 and mass composition of
66:34 PB:PDMS, was used as a precursor. It was prepared by
sequential “living” anionic polymerization in tetrahydrofuran.25 The
block copolymer was manually shear aligned and then cross-linked.
The principal period of the microphase separated structure is 21.6
nm, as determined by small-angle X-ray scattering (SAXS), and the
PDMS cylinder diameter was estimated to be 14 nm from the volume
composition of the blocks. The 2D SAXS images of shear aligned
sample shown in Figure 1 testify a high degree of order; the scattering
on the yz and xz planes agrees with the corresponding scanning
electron microscopy (SEM) images also shown in Figure 1. Scattering
on the xy plane is signiﬁcantly weaker than on the two orthogonal
planes, and the proﬁle could be partially due to misalignment of the
BC close to the interface with the glass; a thin layer of polymer in
contact with glass remains essentially immobile during the alignment
process, giving rise to the weak scattering in the xy plane. This is
discussed in more detail in the available Supporting Information.
Finally, the PDMS block was degraded quantitatively by treatment
with tetra (n-butyl ammonium) ﬂuoride (TBAF). More details of these
steps can be found in refs 19 and 22 and in the Supporting
Information.
Nanoporous polymer pieces were sliced with an ultrasonic
oscillating diamond knife from DiATOME on a Leica EMFCS
ultracut UCT microtome. Ultrasonic microtomy allows us to cut
ultrathin sections with signiﬁcantly reduced mechanical compression,26
which is important for cutting of soft materials like polymers and
biological samples. Details of the microtomy and sample transfer onto
substrate can be found in the Supporting Information. Sections
ﬂoating in the groove of the knife ﬁlled with DI water were picked up
with a homemade metal loop and deposited directly onto clean silicon
p-type ⟨100⟩ wafer with 2 nm native oxide layer. The sample on wafer
was ﬁnally rinsed with isopropanol.
A Nikon ECLIPSE L200 microscope with 20× and 50×
magniﬁcation lenses was used for optical imaging. SEM imaging was
done in a high-resolution ﬁeld-emission Zeiss Ultra Plus SEM with a
Gemini column. The scanning electron microscopy (SEM) images
were obtained at acceleration voltages of 2 to 3 keV in high vacuum
without sample sputtering.
Atomic force microscopy (AFM) in tapping mode with standard
noncontact tips was performed on a Park System equipment XE-150
Advanced Scanning probe microscope. Images were processed with
the XEI Park System Software.
The pattern transfer was eﬀectuated by dry etching following two
procedures, depending on the instrument availability in the clean
room. The conditions are described in the Supporting Information.
■ RESULTS AND DISCUSSION
The size of nanoporous polymer samples obtained by
oscillating diamond knife was between 70 and 300 μm with a
thickness in the range of 30−60 nm. Images of a polymer ﬂake
on a silicon substrate recorded by optical microscopy and low-
magniﬁcation SEM are presented in Figures 2a,b, respectively.
Some features are better observed in electron microscopy,
others in optics. For example, ﬁlm thickness directly correlates
with its color in an optical microscope. The eﬀective refractive
index of our nanoporous polymer can be estimated from the
Lorentz−Lorenz relation and equals 1.3,27 so a 50 nm thick
ﬂake will have light brown color because contribution in
destructive interference is larger for shorter wavelengths and
blue color is suppressed.28 During slicing the knife was ﬁxed
parallel to the long side of the ﬂake and the sample moved in
perpendicular direction. The visible stripes of slightly diﬀerent
color saturation parallel to the long side of the ﬂake are most
probably due to external vibrations and noise during slicing.
Accurate thickness measurements were made by AFM. The
AFM image in Figure 2c is from the middle-left part of the
Figure 2. Images of microtomed nPB ﬂakes on silicon. (a) Optical microscope image of 50 nm thick nanoporous ﬂake at 20× magniﬁcation; 100 μm
scale bar. (b) Low-magniﬁcation SEM image of the same nPB ﬂake; 100 μm scale bar. (c) AFM image of the nPB ﬂake; 10 μm scale bar. (d) Height
proﬁles along the white and red line in panel c. (e) SEM image of the nPB ﬂake; 200 nm scale bar. The three observed lattice defects are enclosed by
the red circles; there are two defects inside the bigger circle.
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ﬂake. Images were ﬂattened taking the surface of the substrate
to be horizontal. The proﬁle along the white line in panel c
yields a thickness of 49 nm as an average height diﬀerence
between 4 μm sections centered at the arrows in panel d. The
out-of-scale peak at 58 μm in panel d is due to the fold visible
as a white stripe in panel c. The root-mean-square (r.m.s.)
roughness along the dark (red online) segment is 0.9 nm,
which is similar or better than typical r.m.s. roughness of spin-
cast polymer thin ﬁlms.29,30
The top-down SEM image of the nanoporous mask shown in
Figure 2e reveals an exceptional degree of order. We were able
to identify only three lattice defects on the 1 × 1.5 μm2 image,
as highlighted by the red circles. This type of imperfection, <1/
1000 in the shown case, is probably due to polymer debris
clogging few nanopores or to a small amount of unetched
PDMS. Partially ﬁlled pores are expected to impede pattern
transfer, and hence the number of ﬁlled pores should be kept as
low as possible. The period measured on the SEM image is 20
nm, which is 7% smaller than the period of the unetched
monolith; the shrinkage could be due to structure relaxation
after PDMS etching. The apparent pore size is ∼10 nm.
During RIE the silicon surface outside the mask is etched
down faster than under the mask so that a silicon plateau in the
mask shape with nanostructures on top is formed; see Figure 3.
The bright ﬁeld (BF) optical image in Figure 3a shows much
lower contrast than that in Figure 2a, and only edges of the
plateau are properly visible; gray regions with the same color as
the surrounding substrate (like in box 1) are not nano-
stuctured; the faint brown hue regions (box 2) coincide with
nanostructured regions. Edges are easily observed in dark-ﬁeld
optical microscopy (Figure 3b). Nanostructured regions in low-
magniﬁcation SEM (Figure 3c) appear as light gray areas (box
2). The gray areas (box 1) in Figure 3c correspond to the mask
folds (compare with the dark areas in Figure 2b). All of the
bright regions within the original mask area show nanopatterns
with nearly the same quality as the image of Figure 3f. The hole
array in Figure 3f shows the pattern transferred on silicon. The
highly regular hexagonal pattern has a period of 20 nm,
identical to the period of the nanoporous mask. It covers
uniform areas in excess of 40 × 25 μm2.
On the AFM image (Figure 3d) recorded at the same place
as before etching, a mosaic of regions with diﬀerent heights is
seen. The roughness along the red segment is within ±1.5 nm,
and the r.m.s. roughness is 0.9 nm, the same as for the mask.
This diﬀerence in etching rates across the ﬂake may be
accounted for by imperfect contact between mask and
substrate. In this picture, the mask being dropped uncon-
trollably from water onto the substrate could easily lead to
wrinkles and other nonplanar structures that enclose diﬀerent
empty volumes between mask and substrate. Such voids
promote lateral etching, leading to diﬀerences in the height of
structured regions. Eﬀorts to improve the controllability of the
mask deposition are ongoing, with the aim of maximizing the
useful mask area. The small height variations appearing in
Figure 3e as a nonuniform gray background are most likely
caused by mask roughness.
Patterns of diﬀerent symmetry can be obtained from the
same cylindrical block copolymer by varying the cutting angle
relative to the cylinder axis. In this way, we can create patterns
of ellipses and lines (the last by cutting parallel to the cylinder
axis) instead of the circular dots obtained at a cutting angle of
90°. At cutting angles diﬀerent from 90° the structural periods
on the mask will increase and the hexagonal symmetry will be
broken. We present now the pattern transfer through a mask
Figure 3. Silicon surface after 10 s of oxygen treatment, followed by 20 s of silicon etch and 10 min oxygen plasma cleaning. (a) Optical bright-ﬁeld
image of the silicon plateau that remains under the ﬂake when surrounding silicon is etched; 100 μm scale bar. (b) Optical dark-ﬁeld image of the
same plateau; 100 μm scale bar. (c) Low-magniﬁcation SEM; 100 μm scale bar. (d) AFM image of the plateau; 10 μm scale bar. (e) Height proﬁles
along the white and red segment in panel d. (f) SEM image of nanostructured silicon; 200 nm scale bar.
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cut at 45° relative to the cylinder axis, as shown in Figure 4.
The mask shown in Figure 4a was a 30 nm thin rectangular ﬁlm
of size 100 μm × 70 μm. A high-resolution top-down SEM
image of the mask is shown in Figure 4b. The fast Fourier
transform (FFT) of the image is shown in the top-left inset.
The SEM image is compatible with the model shown in the
top-right inset. The model represents the planar cut of an ideal
hexagonal cylindrical porous structure at 45° relative to the
cylindrical pore axis and perpendicular to one set of structure
principal planes, as rendered in Figure 4d (adapted from the
SEM image in Figure 1). The black spots in the model
represent the elliptical cuts of the cylindrical pores. The gray
areas in the model represent projections of the pore channels
on the mask plane. The angles on the FFT image of the mask
Figure 4. Mask prepared by cutting at 45° with respect to cylinder axis and respective patterns transferred onto silicon. (a) Optical image of the
original 30 nm thick nanoporous ﬂake at 50× magniﬁcation; 20 μm scale bar. (b) High-resolution SEM of the polymer mask; 200 nm scale bar. FFT
of the pattern is shown in the top-left inset, while the top-right inset shows a model of the mask. (c) Overview of nanostructured plateau by SEM; 20
μm scale bar. (d) 3D rendition of the 45° mask cut adapted from the composed SEM cube of Figure 1. The cutting plane is parallel to the z axis and
intersects the x and y axes at equal coordinate values. (e) High-resolution SEM image of box 1 in panel c; 200 nm scale bar. The top-left inset is a
FFT of the pattern, while the top-right inset shows a magniﬁed image of the elliptical hole pattern on silicon.
Figure 5. Comparison of the FFTs for the mask in Figure 4b with the FFT of the model shown in the top-right inset of Figure 4b. Left, FFT of the
model; center, FFT of the mask’s SEM image in Figure 4b; and right, superposition of the two FFTs illustrating the agreement between the two. Red
dots highlight selected spots from the FFT of the model.
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are in agreement (within 1 to 2°) with the respective angles for
the model, as shown in Figure 5.
After etching, many nuances of gray are visible in the SEM
image of the nanostructured areas, as evidenced in Figure 4c.
The diﬀerent shades correlate with local diﬀerences in the pitch
of the nanostructures. The areas with larger local pitch appear
brighter in the SEM image. An image of an undistorted pattern
that replicates the mask lattice is shown in Figure 4e. The FFT
Figure 6. Moire ́ patterns on silicon. (a) Low-magniﬁcation SEM of the pattern transferred onto the silicon substrate at the location of a mask fold.
Inset shows the ground HEX structure alignment on a magniﬁed image of an area at the vicinity of the fold. Scale bars are 10 μm for the image and
200 nm in insertion. (b) Scheme of rotation angle calculation with known folding angle and HEX translation direction. (c) Higher magniﬁcation
SEM image from panel a. The period of the hexagonal pattern formed under the mask fold is 78 nm, that is, 3.9 times the ground period; 1 μm scale
bar. (d) Model illustrating the moire ́ patterns generated by superimposition of two hexagonal lattices rotated by 14°. The pattern is not strictly
periodic with period D, as can be observed by variations of the intersection of the green lines deﬁning D within the diﬀerent moire ́ cells. (e) Image
obtained by low-pass ﬁltration of the image in panel d.
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of the transferred pattern is similar to the FFT of the mask. The
brightest areas in Figure 4c comprise patterns with a large pitch,
up to half a micron, changing in size and in direction, as shown
in Figure S1 of the Supporting Information. Such complex
patterns probably have their origin from areas where the mask
does not adhere to the substrate.
Finally, we demonstrate the ﬁrst transfer onto the underlying
substrate of moire ́ patterns created by double-layer block
copolymer mask. Moire ́ patterns from TEM images of
superimposed block copolymer thin ﬁlms have been reported
7 to 8 years ago, and their possible use in nanolithography was
contemplated.31 Figure 6 shows SEM images of nanostructured
silicon under a nanoporous mask area with a well-deﬁned fold.
The low-magniﬁcation SEM image in Figure 6a allows us to
characterize the fold, as shown in Figure 6b. The inset in Figure
6a shows a higher magniﬁcation image of the single-layer mask
in the vicinity of the fold with one set of principal directions
parallel to the red arrow, which forms an angle of 86° with the
mask base. θ in Figure 6b marks the rotational angle of this
direction on the top layer of the fold. It can be calculated from
Figure 6b by elementary triangulation
θ = ° + · ° − ° − ° − ° = °86 2 (180 153 ) (180 86 ) 46 (1)
(see Figure 6 b).
A higher magniﬁcation SEM image of the moire ́ pattern is
shown in Figure 6c. The period of the hexagonal moire ́ pattern
is ∼78 nm, which is 3.9 times bigger than the “ground” period
of the BC mask, 20 nm. According to the moire ̀ pattern theory
developed by Oster et al.,32 the superposition of two
equidistant line sets with periods a and b rotated by an angle
θ leads to a moire ̀ pattern with periodicity D
θ= + −D ab a b ab/( 2 cos )2 2 0.5 (2)
The relation is an even function of the angle θ; therefore, we
may consider only positive angles. Equation 1 can also be
applied to calculate ﬁrst order periods of moire ́ patterns from
hexagonal lattices, which can be imagined as constructed by two
additional sets of equidistant lines rotated by 60 and 120° with
respect to the ﬁrst set. Given the hexagonal symmetry, eq 1 is in
this case valid for angles 0 < θ ≤ 30°; for θ ≥ 30°, the angle θeq
plugged into eq 2 instead of θ must satisfy 0°≤ θeq = |n·60° − θ|
≤ 30° (the absolute value is taken), with the appropriate choice
of the integer n. θeq = 0° means that there is no ﬁnite moire ́
pattern. In our case, a and b are identical to the period of the
ground hexagonal structure (20 nm) and D is 78 nm. The
rotational angle of 46° found in eq 1 is equivalent to θeq = 14°.
From eq 2, a period of D = 82 nm can be calculated, which
compares quite well with the measured period of 78 nm from
Figure 6c. Figure 6d shows a model for the moire ́ pattern
created by two identical hexagonal structures rotated by 14°
relative to each other. After a low-pass image ﬁltration, the
pattern transforms into the blurred pattern of Figure 6e, which
is reminiscent of the etched pattern in Figure 6c. Blurring
simulates lateral etching.
The model moire ́ pattern in Figure 6d shows dual structure:
the larger structure period is characterized by D. This larger
structure is decorated by varying arrangements of the dots from
the ground structures. We could not discern the smaller scale
decoration by larger magniﬁcation SEM imaging of the moire ́
pattern in Figure 6c; however, we were able to discern
transferred moire ́ patterns showing dual structures on other
samples, as shown in Figure S5 of the Supporting Information.
Better control on mask superimposition that would allow
transfer of predictable moire ́ patterns onto substrates is one of
the scopes of ongoing work in our group.
■ OUTLOOK
In conclusion, we have presented a conceptually simple method
for ex situ fabrication of nanolithography masks from
prealigned block copolymer samples. The formation of highly
regular hexagonal patterns of 10 nm holes with a principal
spacing of 20 nm on silicon substrate was demonstrated,
covering areas in excess of 1000 μm2. The formation of
elliptical patterns by utilization of masks cut out of the same
monolithic nanoporous precursor at an angle of 45° relative to
the pore axes was also shown. Last but not least we have
demonstrated the ﬁrst lithographic moire ́ pattern transfer from
double-layer hexagonal masks onto the substrate.
Our “cheese-cutting” method allows a very high degree of
order in the template alongside unprecedented ﬂexibility in the
choice of surface due to the fact that the self-assembly does not
depend on the properties of the surface. The template
structures are predictable and immune from thermally
generated defects; such defects can become a fundamental
limitation for the minimum feature spacing accessible by
directed self-assembly of block copolymer thin ﬁlms.33 On the
negative side the presented method is unlikely to be scalable to
length scales exceeding a few millimeters. This notwithstanding,
the demonstrated pattern transfer renders the method
applicable to many research tasks requiring nanopatterning of
103 to 105 μm2 substrate areas and allows us to produce and
investigate with relatively simple and cheap equipment unique
patterns and patterning of devices in a way that could become
relevant for applications in the future.
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Details on the experimental conditions 
Preparation of the nanoporous monolith. Block copolymer and 1% mole fraction of cross-linker 
relative to double bonds were co-dissolved in THF and cast into a flat-bottom  Petri dish; after solvent 
evaporation under nitrogen flow, the paste-like block copolymer was squeezed between two microscope 
glasses equipped with 1 mm spacers and shear-aligned mechanically by hand. The glasses were moved 
back and forth relative to each other with 5 mm amplitude and 0.2 Hz frequency for 15 cycles. The shear-
aligned samples were cross-linked for 2 hours at 140° C under nitrogen atmosphere. Quantitative etching 
of the PDMS block was then performed by TBAF in THF at room temperature for 48 hours. 
Figure S1. Photo of the nPB monolith. Ruler shows length in cm. 
Microtoming. After proper trimming samples were sectioned at the resonance frequency (26.2 kHz) 
with amplitudes 3-6 V, feed 30-50 nm, sectioning speed 0.6 mm/s and at an angle of 6°. 
Estimated size of the full section of the monolith is 1mm x 1mm. Shearing provides mechanical energy 
to the system and removes all local extremes responsible for domain borders. However the polymer melt 
close to the interface with the glass plates moves with a smaller amplitude and alignment is not as 
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effective there. A SEM image of a flake microtomed from the interface region with glass is shown in 
Figure S2. 
Figure S2. SEM of nanoporous flake from the interface with the glass. At least three domains 
with different orientations are distinguished. 200 nm scale bar. 
The varying alignment of the domains in fig. S2 is most probably the source of the SAXS pattern 
observed in the xy plane in Fig. 1, as will be explained shortly. Figure S3 shows the 2D (first row) 
and integrated 1D scattering profiles (second row) observed at the three Cartesian projections 
highlighted in the third row. All the Bragg planes of the hexagonal structure shown at the bottom of 
fig. S3 are active small angle scatterers at the yz projection (comprising the equivalent Bragg planes 
obtained by 60º and 120º rotation relative to the shown ones). The expected scattering peaks listed 
in Table S1 are all observed in the 2D and 1D yz scattering profiles. The horizontal set of principal 
Bragg planes are the only expected active SAXS scattering planes at the xz projection, which is also 
confirmed by the 2D and 1D xz profiles. The only Bragg planes ideally expected to be active at the 
xy projection would be the vertical set of d(11) planes shown at the bottom image. Therefore the 
ideal xy scattering should show peaks exclusively at q = n 3
½
 q*, with n an integer (n = 1, 2, 3 …).
However we observe additional scattering peaks at q = q* and q = 7
½
 q*, which we interpret as due
to misalignments, such as the ones observed at the glass interfaces (fig. S2). It has to be noticed that 
the scattering intensity of the main peak q* on the xy plane is 200-400 times weaker than the 
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corresponding intensities in the yz and xz planes, which is in line with a small fraction of the 
material being misaligned. 
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Figure S3. SAXS data of the shear-aligned nanoporous 1,2-PB samples. First row: 2D scattering patterns 
at the three main projections, as highlighted in the ideal alignment case in the third row. Second row: 
Radially integrated SAXS profiles from the respective 2D scattering profiles. Fourth row: Schematic 
representation of the Bragg planes for a hexagonal structure, corresponding to the yz projection above.
Table S1. Characteristic Bragg planes in a hexagonal structure 
Plane (10) (11) 2*(10) (21) 3*(10) 2*(11) = (31) 4*(10) 
Ratio d(10)/d(10) d(11)/d(10) d(10)/2*d(10) d(21)/d(10) d(10)/3*d(10) d(11)/2*d(10) d(10)/4*d(10) 
Relative 
spacing 
1 3-1/2 = 1/√3 4-1/2 7-1/2 9-1/2 1/(2*√3) = 12-1/2 16-1/2 
The misaligned parts were removed by appropriate trimming and masks were cut only from the middle 
section of the monolith; all edges of the sample were cut away obtaining samples shaped as truncated 
rectangular pyramids with the front face of dimensions ~200 µm x 300 µm. Sections were picked up with 
a home-made loop. A water droplet with the polymer slices kept on the surface by surface tension is lifted 
by the loop out of the reservoir of the microtome knife, and deposited onto the silicon wafer. Standard 
workflows for trimming procedure and for picking up floating sections with the loop can be found in 
more detail on the DiATOME web-site: https://www.diatomeknives.com/knives/trim.aspx  (trimming), 
http://www.diatome.ch/en/products/pdf/perfectloop_flyer_ENG.pdf   (picking up). 
Pattern transfer. The first procedure of Reactive Ion Etching (RIE) was realized in three steps. At first 
flakes were treated by highly anisotropic etching with oxygen-argon plasma for 10 s (O2:Ar 5 : 45 sccm, 
pressure 10 mTorr, power 30 W, mask etch rate ~1 nm/s) for cleaning of the pores and surface from 
possible contaminants. The second step was a 20 s isotropic silicon etching for pattern transfer (CHF3 : 
SF6 : O2 8 : 30 : 30 sccm, pressure 36 mTorr, power 20 W, speed of silicon etch ~1 nm/s). Finally the 
mask was removed by 10 min oxygen plasma cleaning (O2 : N2 98 : 20 sccm, pressure 300 mTorr, power 
100 W). Moirѐ patterns were observed on longer silicon etching times: 30 s and 40 s. Alternatively, the 
pattern transfer was performed by silicon etching for 80 s with a rate of 0.8 - 1.0 nm/s on an Inductive 
Coupled Plasma metal etcher (SF6 : C4F8 70 : 35 sccm flow rate with ICP power 1200 W and RIE power 
200 W at 1.9 Pa pressure). 
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Patterns of lines and slit-like features on silicon corresponding to locations close to mask folds 
a)  b)  c)
d) 
Figure S4. (a-c) slit pattern: the same location imaged by AFM, top-down SEM and SEM of 
sample tilted at 47°; scale bars are 200 nm. (d) SEM image taken close to a fold; 1 µm scale bar. 
Line patterns: 
Pattern can be transferred even from the mask cut parallel to the cylinder axis, but necessity to etch 
long way through the mask makes pattern less uniform and controlled than in 45° case. 
Figure S5. Polymer mask cut parallel to cylinder axis and pattern transferred to silicon, 200 nm 
scale bars. 
Moiré patterns. 
Dual structure of moiré patterns with ground period inside larger moiré structure can be observed 
for large period structures. At longer etching time (40s) the inner fine pattern was destroyed, while 
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it was retained at 30s etching. Some holes are deeper due to better coincidence of the top and 
bottom holes. Moire patterns are a bit squid probably because of the top flake slopping. 
(a)  (b)
(c)
Figure S6. SEM images of moirѐ patterns on silicon showing dual structures. (a): 40 s etch; 200 nm scale 
bar. (b): Model reproducing the moiré period of the image in (a), by a roatation angle of 6º. (c): 30 s etch; 
the inset is a higher magnification. Dual scale patterns of different moiré spacings can be observed on the 
two sides of the vertical unpatterned stripe. 
107
Appendix 2. Draft of an article on graphene. To be submitted. 
Graphene patterning through ex-situ fabricated nanoporous mask. 
Violetta Shvets1,2, David Mackenzie1,2, Lene Gammelgaard1,2, Lars Schulte1,2, Peter Bøggild1,2, 
Kristoffer Almdal1,2, Sokol Ndoni1,2.  
1) Technical University of Denmark, Dept. of Micro and Nanotechnology, Ørsteds Plads,
Building 345 East, DK-2800 Kgs. Lyngby, Denmark;
2) Center for Nanostructured Graphene (CNG), Technical University of Denmark, Ørsteds
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Abstract. 
In current work graphene nanomesh is fabricated by a novel lithography method. Lithography mask 
is fabricated ex-situ by microtoming of the pre-aligned nanoporous polymer monolith. For the 
monolith fabrication, block copolymer 1,2-polybutadiene-b-polydimethylsiloxane (PB-b-PDMS) 
with cylindrical morphology is aligned by shear, then 1,2-PB matrix is cross-linked and PDMS 
etched. Resulting nanoporous polymer monolith is sliced in a microtome perpendicular relative to 
the cylinders axis. Porous masks with hexagonally arranged holes are transferred directly on top of 
a chemical vapor deposition (CVD) graphene. Simple one-step etching led to fabrication of a 
hexagonal graphene nanomesh with a crystalline order and period 20 nm on 50x50 µm2 scale. 
Masks are removed with the help of a tape. Graphene back gate device is fabricated by deposition 
of the metal contacts directly on top of the nanostructured graphene. Dependency of the off 
conductance from temperature indicates presence of ~20 meV gap.  
Introduction. 
Graphene is a single layer of the 3D graphitic crystal, an atomically thin 2D material, consisting of 
carbon atoms that forming a honeycomb structure. Its electronic properties include room 
temperature Hall effect, ballistic transport, high charge carrier mobility (200 000 cm3/v2, [1]) and 
huge sustainable currents (9108 A/cm2). It is the best known electrical and thermal conductor [2]. 
Graphene is very light material with huge surface area: 2630 m2/g [3], the strongest ever measured 
[4], with exceptional ability to retain its initial size after mechanical strain [5]. All these exceptional 
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properties made it very promising for the future post-silicon electronics [6]. But despite having all 
these exceptional properties, graphene application in field-effect transistors is limited due to zero 
bandgap.  
One of the ways to open a gap and increase on/off current ratio is creation of periodic modulation 
on graphene [7]. Successful gap formation in graphene by patterned hydrogen adsorption [8] and by 
periodical rippling [9] was reported. Band gap opening in graphene is inversely proportional to the 
nanoribbon width/nanomesh neck [10, 11], sensitive to edge configuration, crystallographic 
orientation of graphene nanoribbon/mesh, edge passivation, and significant only for dimensions 
close to current resolution limits of lithography. Various lithography methods are utilized for 
formation of periodic nanoribbon arrays and nanomeshes in graphene with their advantages and 
disadvantages.  
Lithography methods employing mask put various resists in contact with graphene and change 
graphene properties (charge carrier mobility, doping) [12]. Resists have to be removed completely 
[13] without destroying nanostructured graphene. Dense highly-ordered arrays of graphene 
nanoribbons can be obtained by using self-organizing properties of block copolymers. Dense 
graphene nanoribbon arrays of almost unidirectional orientation with few dislocations at tens 
microns sizes and 35 nm pitch were obtained by using of poly(styrene)-block-polydimethylsiloxane 
[14]. Perfectly parallel graphene nanoribbons were obtained by directed self-assembly [15], but in 
this method topographic features of graphoepitaxy use valuable substrate area restricting one of the 
nanoribbon dimensions to the 2 µm. Son et al. [15] reported fabrication of 12 nm and 9 nm wide 
graphene nanoribbon arrays with successfully opened bandgaps of 58 meV and 78 meV at 100K, 
respectively.  
Nanomesh structures fabricated on graphene so far suffer from polycrystallinity [16, 17] and 
different size of the holes [18]. By using poly(styrene)-block-poly(methyl methacrylate) self-
assembling properties in thin films, polycrystalline graphene nanomeshes with different dimensions 
were fabricated. Fabrication of graphene nanomesh has 35 nm center-to-center distance and 18 nm 
constriction was demonstrated in [16]. An effective energy gap of ~100 meV and on/off current 
ratio of ~40 at room temperature were reported. Bai et al. [17] have fabricated graphene 
manomeshes with 39 nm periodicity having neck widths of 15 nm, 10 nm, 7 nm and with 27 nm 
periodicity having a neck width of 9 nm, by using block copolymers with two different molecular 
masses and controlled overetching. An on/off current ratio exceeding 100 was measured for the 
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device with 7 nm neck width. Unfortunately, domain sizes in PS-b-PMMMA film are only a few 
microns large. A quasi-periodic nanomesh for 33 nm center-to center distance was fabricated by 
nanoimprinting lithography [18] with up to 140 meV bangap opening for the smallest 7 nm wide 
neck, but non-uniform thickness of residual level of nanoimprint resists cause a noticeable variation 
in the hole size. 
E-beam lithography develops parallel to BCP, but it also requires coating with resists. As advantage 
it can give customized pattern, but resolution is still lower than for BCP: in recent work the smallest 
feature size realized by e-beam lithography and controlled overetching in oxygen plasma was 20 nm 
[19]. 
Alternatively maskless lithography can be used for graphene nanostructuring. These methods can 
utilize high-energy electrons from transmission electron microscope [20] and give sub-5nm features 
[21]. 15 nm and 7 nm feature sizes were produced by helium and neon ion beam microscopes, 
respectively [22, 23], while electrochemical etching with scanning probe lithography give 
resolution of few nanometers [24, 25]. The main disadvantages of these methods are low 
throughput, relatively high costs and difficulties in scale-up.  
Here we report new method suitable for graphene nanomesh fabrication on scale of hundreds of 
microns with period 20 nm and 14 nm hole size. Our nanomesh does not suffer from 
polycrystallinity and holes have low disorder in hole size.   
Results and discussion. 
The procedure for graphene nanopatterning is essentially the same as the one applied for silicon 
nanopatterning in our previous work [26]. Figure 1 shows schematically the work flow applied. 1,2-
polybutadiene-block-polydimethylsiloxane (PB-b-PDMS) block copolymer melt containing the 
small quantity of cross-linker was first aligned by shear. The bulk morphology of block copolymer 
consists of hexagonally packed cylinders of PDMS (minority phase) in a PB matrix. Then PB was 
thermally cross-linked resulting in rigid glassy monolith. The block copolymer monolith was 
rendered nanoporous by wet etching of PDMS in tetrabutylammonium fluoride. Masks for 
lithography were cut off the resulting nanoporous piece by ultra-sonic oscillating microtome 
perpendicular relative to the cylinder axis. 50-70 nm thick sections were deposited directly on wafer 
fully covered with CVD graphene. Reactive ion etching with oxygen/argon plasma completely 
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removes all graphene outside the mask and at the same time nanostructures nanostructures the 
graphene covered by mask. Then mask can be almost completely removed by applying tape. 
Seemingly graphene is more strongly attached to the substrate than to the mask, and remains on the 
wafer. At this stage it can be inspected by common characterization methods like SEM and AFM. 
Figure 1. Work-flow of the nanolithographic process for graphene nanopatterning. (1) 1,2-
PB-b-PDMS with random domain orientation is shear-aligned and cross-linked to fix the 
structure. (2) PDMS is selectively etched to get nPB. (3) nPB monolith is sliced in a 
microtome at room temperature. Sections transferred onto a wafer fully covered with CVD 
graphene. (4) Graphene etching by RIE, which transfers the pattern to the graphene under 
the mask and uniformly etches the graphene outside of the mask. (5) Mask removal by a 
tape. 
An optical image of polymer mask deposited on graphene is shown in fig. 2a. The mask has an 
approximate size of 300x100 µm2, within which smooth wrinkle-free regions of sizes of ~50x50 
µm2 can be found. In the insertion SEM image of the nanostructure of the nanoporous mask is 
shown. After etching the mask was removed by tape, and graphene is clearly visible on the substrate 
as a dark flake with the shape of the original mask (fig. 2 b). Some parts of the mask could not be 
stripped (green and yellow colors in fig. 2 b), and changed color because of attached glue from the 
tape. The tape also contaminated the area around the mask: the optical image shows appearance of 
blue patches in the bottom-left corner. The low-resolution SEM image shows (fig. 2 c) a detailed 
map of patterning of the graphene flake. Patches of remaining polymer mask are black in SEM. The 
exposed graphene has two colors: light gray as in box 1, and dark grey as in box 2. Nanostructured 
graphene was observed by SEM in the darker graphene regions. In the lighter grey regions no 
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nanopatterns were detected by SEM. Raman spectra of the light and dark are shown in fig.2.d,e, 
respectively. The defect D peak at ~1350 cm-1 is significant only for the dark areas. This finding is 
plausible since the light areas were covered by wrinkled portions of the mask, which hinder pattern 
transfer. High-resolution SEM (fig. 2 f) shows a nanomesh with period of 20 nm and with all holes 
of equal size ~14nm. Imaging by AFM shown in fig. 2g confirms the formation of a regular 
hexagonal graphene nanomesh. The period of the hexagonal structure in fig. 2 (f) and (g) coincides 
with that of the original nanoporous mask (fig. 2 a, insertion). 
a) b)  c)
d)  e)
f)  g) 
Figure 2. Images of nPB flake on the graphene. a) Optical image of nPB on graphene, insertion 
is mask nanostructure in SEM (100 nm scale bar); b) optical image of graphene flake after the 
etching and mask peeling by the tape; c) SEM image of graphene flake; Box1 shows color of 
unstructured region, box 2 shows color of nanostructured graphene. Scale bars for a,b,c 100 
µm; d,e) Raman spectra for unstructured and nanostructured graphene. f) High-resolution 
graphene nanomesh in SEM and g) AFM with 100 nm scale bars.
A back-gated graphene device was fabricated for electric measurements (fig. 3). 
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Figure 3. Schematics of fabricated back gated nanopatterned graphene device. 
After the sample was annealed to remove as much of remaining contaminants as possible, stencil 
contacts 2/50nm Cr/Au were deposited on top of the graphene flake (fig. 4 a). A Raman map of the 
patterned part of the flake shows an increased D peak (fig. 4 b) and a decreased 2D to G intensity 
ration (fig. 4. c) due to nanopatterning. Silver paint was used to create larger contact for graphene 
resistance measurements (gray on fig. 4 a). The device conductance vs. gate bias was measured at 
different temperatures as shown in fig. 3 d. The dependence of resistance on temperature can show 
whether charge carriers in graphene are hopping between subgap impurity states or whether they are 
thermally excited between valence and conduction bands over the energy gap Δ. In hopping regime 
the temperature dependence of conductivity σ in 2D systems is described by [27]:   
𝜎𝜎 =  𝜎𝜎0𝑒𝑒−(𝑇𝑇0𝑇𝑇 )𝑛𝑛 , where 
n and T0 depend on the conduction mechanism, σ0 is constant. Thermally activated electrical current 
in intrinsic semiconductor is described by: 
𝜎𝜎 =  𝜎𝜎0𝑒𝑒− ∆2𝑘𝑘𝑘𝑘
If log of conductance depends linearly on (1/T) then Δ is the only fitting parameter for the slope; Δ 
is in such case an indication of what could be an energy gap. The results of measurements for our 
sample a shown in the fig. 4 e. The logarithm of the conductance is linearly dependent on 1/T with a 
strong correlation (coefficient R2 = 0.996). Therefor the nanopatterned graphene can be considered 
as a thermally activated intrinsic semiconductor with a ~20 meV bandgap.  
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a)  b) c)
Fig. 4. a) Optical microscope image of graphene flake with stencil contacts; Red box indicates 
place where Raman map was taken; (b-c) Raman map of graphene device for 2D/G and D/G 
intensities ratios; e) conductance vs. gate voltage plot at different temperatures and e) extracted 
bandgap. Red crosses- experimental data, black line is 1st linear fitting attempt.  
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However, the temperature-dependent conductance of nanoconstricted graphene is more complex 
than that of an intrinsic semiconductor. It was shown, that electric transport in graphene 
nanoribbons is dominated by a chain of disorder-induced quantum dots with cotunneling between 
conductance resonances at low temperatures and activated transport at higher temperatures [28]. In 
order to understand the type of mechanisms contributing in the formation of the measured 20 meV 
gap, additional meticulous characterization is required. 
Conclusions. 
Graphene nanomesh with 10 nm hole size, period 20 nm and crystalline order on 50 µm extension 
was fabricated by pattern transfer from microtomed polymer mask. Microtome-based fabrication 
method has advantages over the traditional lithography methods. Method is surface-independent 
and mask can be easily removed by scotch tape to conduct electronic measurement. To determine 
mechanism of the 20 meV gap formation additional experimental research is required. 
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Materials and methods. 
CVD graphene on the wafer with a 300 nm silicon oxide was ordered from Spanish company 
Graphenea. 
Nanoporous polymer monolith was made of 1,2-polybutadiene-b-polydimethylsiloxane (PB-b-
PDMS) block copolymer. It has molecular weight of 17800 g/mol, polydispersity index of 1.03 and 
mass composition of 66 : 34 PB : PDMS and was synthesized in our laboratory by living anionic 
polymerization. In a bulk this block copolymer has morphology of hexagonally packed PDMS 
cylinders in PB matrix. Dicumyl peroxide was used as cross-linker. Polymer with 1% mole fraction 
of cross-linker relative to double bonds was put between two parallel plates with 1mm spacer and 
manually shear aligned by moving plates back and forward relative to each other. Shearing orients 
cylinders parallel to the shearing plates with high degree of crystalline order. To fix cylinders in 
aligned position, PB was thermally cross-linked at 140°. Finally the PDMS block was degraded by 
tetrabutylammonium fluoride (TBAF) in THF. The period measured on the SEM image is 20 nm, 
which is 7% smaller than the period of the unetched monolith; the shrinkage could be due to 
structure relaxation after PDMS etching. 
Nanoporous polymer pieces were sliced with an ultrasonic oscillating diamond knife from 
DiATOME on a Leica EMFCS ultracut UCT microtome. Samples were sliced at resonance 
frequency 24.9-25.3 kHz at amplitudes 1-4 V. Sections floating in the groove of the knife filled 
with DI water were picked up with a PERFECT LOOP and deposited directly onto CVD graphene, 
fully covering silicon wafer with thick oxide layer. Afterwards the sample on wafer was cleaned by 
rinsing in water and in isopropanol. 
A Nikon ECLIPSE L200 microscope with 20x magnification lense was used for optical imaging. 
SEM imaging was done in a high resolution field emission Zeiss Ultra Plus SEM with a Gemini 
column. The scanning electron microscopy (SEM) images were obtained at acceleration voltage 5 
keV in high vacuum.  
Etching of graphene was performed with reactive ion etcher. Recipe for highly anisotropic etching 
with oxygen-argon plasma (O2 : Ar 5 : 45 sccm, pressure 10 mTorr, power 30 W, mask etch rate 
~1 nm/s). Mask removal is made by scotch tape: sample is fully covered with a tape, which is 
pressed into the surface and then slowly pulled off together with polymer mask. 
 Atomic force microscopy (AFM) in tapping mode with non-contact PPP-NCHR-10 tips (purchased 
from nanoandmore.com) was performed on a Park System equipment XE-150 Advanced Scanning 
probe microscope. Images were processed with the XEI Park System Corp. Software. 
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